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ABSTRACT
This research investigated the effects of two suspension feeding bivalves, the 
infaunal Rangia cuneata. and the epifaunal Crassostrea virginica. on benthic-pelagic 
coupling in Fourleague Bay, LA, a river-dominated estuary. A continuous-flow 
microcosm system was developed to overcome recognized limitations of batch 
methodology and to facilitate manipulations designed to investigate the ecological role of 
benthic macrofauna. Experiments comparing traditional batch methodology to continuous- 
flow methodology indicated that rates of benthic processes were consistently greater 
when measured using continuous-flow methodology. Examinations of concentrations 
indicated that differences were due to concentration gradients which departed from 
ambient over time in the batch cores. Over an annual cycle, both species significantly 
increased rates and altered patterns of benthic exchange of both particulate and dissolved 
materials. The magnitude of the change relative to ambient sediment rates varied with 
season and with the faunal community. Weight - rate regressions indicated that increases 
were accounted for by individual bivalve metabolism in most cases. The effects of both 
species on benthic processes resulted in significant changes in stoichiometric ratios when 
compared to those of the sediment alone, potentially ameliorating water-column 
phosphate and nitrogen limitation at different times of the annual cycle. Differences 
between the effects of these species were not entirely due to differences in their respective 
functional group; results suggested a need for the inclusion of a relative measure of 
metabolic activity when predicting a species effect on its environment
A framework, in the form of a dynamic simulation model, was developed in order 
to evaluate these rates relative to other nutrient sources and sinks in the context of 
ecosystem function. Model simulations addressed the influence of the oyster community 
on NH4 distributions in the lower Fourleague Bay. Results indicated that riverine input
was the primary determinant of observed NH4 distributions in the spring, while in fall, 
the release of NH4 by the oysters was the most important factor determining water- 
column concentrations. As primary production rates peak in this area of the bay in the 





In the late 1960’s and early 197Q’s, a growing body of information illustrated the 
extent to which benthic fauna can alter the physical, biological and chemical nature of the 
sediment in which they live (see reviews by Rhoads 1974, Aller 1982). Research in this 
field of animal-sediment relations demonstrated that feeding and burrowing by benthic 
infauna can alter the fluidity o f sediments, modify sediment particle-size distributions, 
alter rates of material exchange across the sediment-water interface, and alter the 
distribution and abundance of other organisms. As evidence accumulated, there was an 
increasing realization that these effects, which have become collectively known as 
bioturbation, may have repercussions beyond the local habitat Similarly, researchers 
studying physiological processes of suspension feeding organisms which filter particulate 
material from the water, realized that the magnitude of these rates may, at times, be 
sufficient to affect the ecosystem beyond the immediate water-column environment 
(Kuenzler 1961, Dame et al. 1980,1984,1985, Cloem 1982, Officer et al. 1982, 
Boucher and Boucher-Rodoni 1985). Thus, in the last decade, there has been an 
increasing research focus on the effects of benthic fauna on ecological processes which 
extend beyond the local sediment or water-column environment, such as the cycling of 
matter and the flow of energy. The degree to which benthic fauna can affect these 
processes, which serve to couple benthic and pelagic environments, was the focus of this 
dissertation.
There have been a variety of approaches used to study the role of benthic fauna in 
benthic-pelagic coupling. Researchers with a population perspective have used what I 
term a scaling approach. In this approach, rates of physiological processes such as 
respiration or filtration are determined for individuals in a laboratory setting. These rates 
are then extrapolated or scaled to population or community size and used to make 
estimates of the impact of the species on ecosystem processes. In contrast, researchers 
with an ecosystem perspective have directly measured rates of pertinent ecosystem
processes and related these rates to the benthic fauna present The link between rates and 
fauna has been made in a variety of ways. Some studies have employed a correlational 
approach in which rates determined in situ were correlated to the number or biomass of 
individuals measured at the cessation of the experiment (Nixon et al. 1976, Murphy and 
Kremer 1985, Yamamuro and Koike 1993). Alternatively, other studies, most notably 
those by Dame and colleagues (Dame 1976, Dame et al. 1984, Dame et al. 1985, Dame 
and Dankers 1988, but see also Somin et al. 1990) have used what I term an upstream- 
downstream approach. This approach involves the isolation of the benthic population or 
community and the measurement of rates before (or upstream) and after (downstream). 
More recently, experimental manipulation of the system under study has allowed direct 
links between ecosystem processes and benthic fauna (Doering et al. 1987, Boucher and 
Boucher-Rodoni 1988, Boucher-Rodoni and Boucher 1990).
Each approach used to link benthic fauna and cycling or transformational 
processes has specific strengths and weaknesses. The scaling approach has been most 
heavily criticized; most criticism has stemmed from the use of artificial settings to 
determine rates. In this approach, an individual, isolated from its environment, is 
incubated in a static (batch) body of water under relatively artificial environmental 
conditions for short periods of time. Limitations of the batch method for bivalve 
physiological studies have been discussed repeatedly (Galtsoff 1964, Morton 1971, 
Bayne 1976). Most limitations arise from the presence of feedback effects, i.e. changes 
in metabolic rates due to changing environmental conditions, which constrain incubation 
times. Yet, short incubation times may potentially reflect disturbance conditions and do 
not allow the assessment of diel or arrhythmic periodicities in activity patterns. For 
example, for suspension feeding bivalves, practitioners traditionally determine rates only 
for those times or individuals which are observed with their siphons extruded and actively 
filtering. As it is generally known that bivalves do not feed continually (Bayne 1976),
these rates extrapolated to daily or longer rates, severely overestimate actual effects. 
Continuous-flow systems, in which feedback effects do not occur or are minimized, have 
been used, but again many of these use artificial conditions for incubations. For example, 
the removal of an individual from its habitat for determination of rates has unknown 
consequences. While natural activity patterns of sessile epifauna may not be disrupted by 
isolation from the substrate, many have shown that this assumption is not true for active 
epifauna or sediment-dwelling infaunal organisms (Lewin et al. 1979, Regnault 1986, 
Kristen sen 1988). Lastly, the maintenance of natural concentrations and quality of food 
particles is especially critical for accurate estimations of in situ rates. Hombach et al. 
(1984), Meyhofer (1985), Bayne et al. (1987) and Way et al. (1990), among others, have 
shown bivalves can adjust their filtration rates in response to the quality and 
concentrations of suspended particulate matter. The traditional approach of supplying a 
suspension feeder with an unialgal diet (Mohlenberg and Riisgard 1978, Lauritsen 1986) 
seems especially critical in light of these studies. Many questions can be tractably 
addressed only with the use of the scaling approach, and so it continues to be used today, 
such as in recent isotope studies (Werner and Hollibaugh 1993).
For the evaluation of faunal contributions to system-wide processes, the 
remaining direct measurement approaches are preferable. While none of them are 
mutually exclusive (see for example, Murphy and Kremer 1985), each again has 
limitations. The limitations of correlation in ecology are well documented (see review by 
Hairston 1989), and the correlational approach is limited by the same principles. Its 
strengths lie in the undisturbed nature of the fauna-habitat association. In contrast, the 
upstream-downstream approach requires a judicious selection of experimental system; the 
technique requires the isolation of part of the system under study and the detection of 
effects requires a large ratio of benthic biomass to water flux. These conditions occur 
only in limited situations such as in the measurement of material fluxes over an intertidal
oyster or mussel bed which has been isolated using a flume. Yet, in these situations, this 
technique appears most likely to yield the best estimates of in situ rates.
The advantages and limitations of the aforementioned approaches suggest that the 
most judicious approach would be one which directly measures the rates of interest, 
maintains the natural habitat of the species being studied, and makes a direct association 
between the rate being measured and the fauna present Experimental manipulation, 
which has become a widely practiced technique in many disciplines of ecology (Hairston 
1989), fulfills these criteria and I believe will prove to be the most successful technique 
for addressing the contributions of benthic fauna to ecosystem processes. When 
conducted at appropriate scales, experimental manipulations also have the advantage of 
being applicable in a wide variety of systems, eliminating the problem of rate - 
methodology sensitivity.
The use of experimental manipulations for the study of benthic faunal effects has 
encompassed a wide variety of scales. Large-scale experimental manipulations such as 
those using the MERL tanks (Nixon, Oviatt and Hale 1976, Doering et al. 1987), or 
those in the Experimental Lakes Area (Schindler and Fee 1974), are limited by their 
inaccessibility to most researchers and by logistical and budgetary constraints. 
Conversely, in situ manipulations are limited, especially in soft-sediment systems, by 
artifacts resulting from the manipulation. These artifacts, which result primarily from 
unintentional changes in water and particulate transport patterns, have been documented 
in recent literature (Peterson 1980). I believe that the most effective scale for conducting 
experimental manipulations lies at the microcosm level. At this level, one can maintain a 
balance between the control of experimental conditions and the replication of the ambient 
environment
The approach taken in this work was to experimentally manipulate microcosms 
which contained an intact association of benthic and pelagic portions of an ecosystem.
Individuals were added to a subset of these microcosms and rates of selected processes 
compared across all microcosms. Faunal effects were partitioned by subtraction. This 
approach closely duplicates in situ conditions by the use of intact sediment cores with 
ambient water and allows a direct association between cause, addition of benthic fauna, 
and effect, differences in measured rates (but see discussion on variation below). A 
continuous-flow, or chemostatic system was developed to minimize the problem of 
feedback effects which appear to be especially critical for benthic fauna.
Physiological and benthic flux studies are both characterized by a great deal of 
experimental variation. The former is due to natural variation in individual behavior, 
physiological state and metabolism, while the latter results from small-scale heterogeneity 
in relevant sediment parameters (Gallepp 1979, Nixon et al. 1980, Fisher et al. 1982, 
Kelderman 1984). The approach used in this study, i.e. the isolation of the faunal effect 
by subtraction, encompasses both types of variation. The variation between individual 
microcosms, which are intended to function as replicates, makes the statistical detection 
of differences more difficult However, for the objectives of this study, that is the 
determination of the role of macrofauna in benthic metabolism, I believe it is necessary to 
incorporate both types of variation. I believe that the gain in realism offsets these 
imposed difficulties.
The objective of this research was to compare the effects of two suspension 
feeding bivalves on ecosystem processes. Given the estuarine habitat of the species 
selected, I chose to focus on their effects on the nitrogen cycle and to a lesser extent, the 
phosphorus cycle. As nitrogen and phosphate are the primary limiting nutrients in 
estuarine waters, qualitative or quantitative changes in the cycling of these nutrients 
caused by benthic fauna may be ecologically significant The two species selected, the 
American oyster, Crassostrea virginica. and the brackish water clam, Rangia cuneata. 
offer contrasts in their functional role, as defined by their relationship with their habitat
Both the oyster, Crassostrea virginica. and the brackish water clam, Rangia cuneata. feed 
on particulate material suspended in the water. The oyster, however, is an epifaunal 
species, living on top of the sediment, while the clam is an infaunal species, living within 
the sediment These species thus offer contrasts in the degree to which they may affect 
sediment processes. These species were expected to have similar effects on water- 
column characteristics due to their similar feeding style, suspension feeding, but different 
effects on sediment processes and characteristics as a result of differences in their habitat 
epifaunal vs. infaunal. The extent to which changes in benthic-pelagic coupling caused 
by macrofaunal species can be explained by a species functional group was thus a focus 
of this work. Both species are widely distributed and are important components of the 
macrobenthic communities in many eastern and Gulf of Mexico estuaries. Investigations 
encompassed an annual cycle to include temporal variation due to riverine influences and 
temperature regulation of biological processes.
The body of this work can be conveniently divided into 8  chapters. This first 
chapter presents an overview and the rationale for the body of research encompassed in 
this dissertation. The approach to the study of macrofaunal effects taken in this research 
required the development of an experimental system which combined the benefits of 
laboratory investigations while maintaining salient environmental properties. Chapter 2 
describes the experimental chemostatic system which was developed for the isolation of 
macrofaunal effects. While chemostatic systems have been commonly employed in the 
study of bacterial or phytoplankton physiological processes, their use is unconventional 
in sediment exchange studies. Therefore, Chapter 3 presents the results of an experiment 
comparing sediment exchange rates determined using the chemostatic system to those 
determined using the more traditional batch incubations. Chapters 4 and 5 present results 
on benthic -pelagic coupling processes in Fourleague Bay. The approach used required 
the determination of exchange rates for the sediment with and without the suspension
feeding species. As each of the selected species inhabits a different environment, these 
experiments were conducted at two different sites in the Fourleague Bay system. Chapter 
4 presents data on the annual cycle of sediment oxygen consumption and benthic nutrient 
fluxes at the brackish upper (Rangia habitat) and estuarine lower (oyster habitat) 
Fourleague Bay. This chapter also discusses the importance of sediment processes to the 
functioning of the Fourleague Bay system as well as the similarities and differences of 
Fourleague Bay to other estuarine systems. Chapter 5 defines the effects of the two 
bivalves on sediment respiration and benthic exchange rates at these two stations and 
contrasts the effects of the infaunal and epifaunal species on these processes. Suspension 
feeding species also affect properties of the water in which they reside by their feeding 
activities. In order to understand the effects of these species on their total environment, 
an experiment was conducted to delineate the effects of both species on the water-column 
characteristics of both sites in Fourleague Bay. Chapter 6  then presents this synoptic 
examination of suspension feeder effects on water-column and sediment characteristics 
and processes. Finally, in order to achieve the overall objective of this research, i.e. an 
understanding of the faunal contributions to ecosystem processes in Fourleague Bay, it is 
necessary to synthesize the above studies. Given the amount and complex nature of both 
the acquired and additional information required to do this, it seemed most efficient to do 
this using ecosystem modeling techniques. Chapter 7 presents the simulation model 
developed for this purpose and introduces a framework by which future studies of faunal 
contributions may be evaluated. Chapter 8 summarizes the body of research included in 
this dissertation, discusses a possible framework for linking benthic structure and 
function and identifies areas for future research in the study of animal effects on 
ecosystem processes.
Chapter 2:
An Experimental Chemostatic Microcosm System for the 




Processes which couple benthic and pelagic systems have traditionally been 
measured using batch in situ or microcosm experiments (Davies 1975, McCaffrey et al. 
1980, Nixon et al. 1980, Zeitzschel 1980, Aller and Benninger 1981, Teague et al. 1988, 
among others). In situ experiments enclose water over sediment using domes, bell jars, 
plastic bags or other chambers, while microcosm experiments involve the removal of 
intact sediment cores and overlying water for shipboard or laboratory incubation. In both 
techniques, the sediment-water system is isolated from exchanges with the surrounding 
environment and exchange rates are based on the changes in parameter concentration in 
the overlying water over time. This approach, known as batch methodology, has several 
limitations. The most critical is the change in environmental conditions resulting from the 
experimental procedure. For processes which are dependent on environmental 
conditions, changes in these conditions have a proportionally negative effect on the 
accuracy of ambient rates. The recognition of this problem is not new; both Odum and 
Hoskin (1958) and Kemp and Boynton (1980) (among others) noted that the isolation of 
the system in experimental chambers removes important pathways of exchange which 
result in over- or underestimation of in situ rates.
In bacterial and algal culture, the problem of environmental dependency or closed 
systems has been avoided with the use of continuous culture. One type of continuous 
culture apparatus is the chemostat (Monod 1950, Novick and Szilard 1950), which is 
operated by controlling the flow rate of substrate into a culture vessel. A constant flow 
rate results in constant environmental conditions and steady state growth of the population 
ensues. The essential features of a bacterial/algal chemostat are a well-stirred, constant 
volume culture vessel and the introduction of fresh medium at precisely controlled rates. 
An analogous benthic system could circumvent the problem of changing environmental
11
conditions and allow the study of benthic-pelagic coupling under constant environmental 
conditions.
Ecological research in the past decade has shown increasing use of experimental 
manipulations to address research problems (Peterson 1980, Hairston 1989). Many 
believe that experimental manipulations provide the most useful approach to 
understanding the factors which produce observed environmental patterns (Pielou 1969, 
Connell 1975, Bell 1979). In the study of benthic - pelagic coupling, however, logistical 
and budget constraints have generally limited the use of experimental manipulations to 
facilities such as the MERL tanks or the Experimental Lakes Area. A microcosm system 
amenable to experimental manipulations would permit additional study and further the 
understanding of benthic - pelagic coupling.
A chemostatic or open system microcosm was designed to overcome the 
limitations inherent in batch methodology and to facilitate manipulations designed to 
investigate the factors that influence benthic processes. This paper details the design and 
operation of the chemostatic system, presents results investigating the sensitivity of 
exchange rates to chemostat flow rate and describes experimental manipulations which 
have been conducted using this system.
Microcosm Description
The chemostatic microcosm consists of three basic components; the water 
reservoir(s), the sediment cores, and the peristaltic pump (Fig. 2.1). The peristaltic pump 
draws water from the reservoir into the experimental core and from the core to the 
sampling flasks. Tygon™ tubing connects the water reservoir, cores and peristaltic pump 
using polypropylene connectors where necessary. Outflowing water from the core is 
routed through a series of stopcocks and collected in flasks during sampling, while being 
discarded at other times. The rate of water flow through the system is determined by the
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Figure 2.1. Components o f the chemostatic microcosm system showing connections 
for an individual core.
pump speed and the diameter of pump tubing. In the present configuration, the peristaltic 
pump (Ismatec™ multichannel cartridge pump) operates a maximum of 16 lines 
(represented by a combination of experimental cores and reservoir lines) and can generate 
flow rates from 0.02 to 154 ml m in-i.
An individual sediment core consists of a Lexan™ tube 15 cm in diameter and 30 
cm in height (Fig. 2.1). The core is made water and gas tight with plexiglass disks at 
either end. These disks are held fast using rubber caps (bottom) and sleeves (tops) and 
screw clamps. The water-column overlying the sediment has a volume of approximately 
21 and is kept homogeneous by stirring with an internally mounted Nalgene™ floating 
stir bar. The internal stir bar is driven by an external miniature magnetic stir plate 
mounted upside down on the top of the core. The disk at the upper end of the core has 
three ports, sealed with rubber septa, which serve as inflow, outflow, and sampling 
ports. Stainless steel needles with luer lock™ fittings are used in the inflow and outflow 
ports.
The microcosm is supplied with water collected from the study area. For 
determinations of sediment metabolism and benthic nutrient regeneration rates, water is 
filtered through a 0 .2  pm in-line capsule filter to remove suspended particulates.
Changes in oxygen or nutrient concentrations between influent and effluent lines can 
therefore be attributed to sediment processes. For determinations of particulate retention 
by macrofauna, the system is supplied with unfiltered water, kept homogenous by a 
mechanical shaker. In the present design, 20 liter rectangular carboys or collapsible 
Cubitainers™ have proven most suitable as reservoirs.
Intact sediment cores are collected in the field either by diving or subcoring box 
cores. Cores are inserted approximately 20 cm into the sediment and removed with 
overlying water. Cores are capped with plexiglass disks and rubber caps, secured with 
screw clamps, and placed in the dark for transport. Bottom water for the reservoirs is
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collected in the field using a submersible pump with attached hosing or a shipboard CTD 
system. Upon return to the laboratory, the temporary caps are removed from the top of 
the cores and replaced with disks having inlet and outlet ports. Cores are plumbed with 
tubing and placed in a large Nalgene tank at ambient temperature, controlled with a 
circulating heat exchanger (Neslab™ CFT 75).
Microcosm Operation 
Sampling
Repeated samplings are spaced in time such that a complete turnover of the water- 
column occurs between each sampling. Potential experimental artifacts limit the duration 
of each experiment. Nishio et al. (1982) showed that the growth of micro-organisms on 
core surfaces and connecting tubes, redox changes, and the removal o f surface sediments 
limited the duration of experiments in their flow through microcosm to approximately 30 
h. Sundby et al. (1986) noted that the depletion of organic matter via remineralization 
resulted in reduced flux rates after a period of approximately 3 weeks. These factors limit 
the effective duration of experiments in this system, although time scales may differ due 
to different chamber configurations. Bacterial growth on the connecting tubing has been 
observed on only one occasion which was apparently due to high temperatures and the 
addition of a concentrated spike of iSNfLt to the reservoir water.
Calculations
The determinations of benthic exchange rates are based upon concentration 
differences in the measured parameter between the influent and effluent lines. 
Concentration differences between influent and effluent lines are a function of the 
residence time of water over the sediment core, which is controlled by the flow rate and
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the volume of water in the core overlying the sediment Exchange rates are determined 
using the following general equation:
(Q  - C e ) * Flow rate /  Core surface area = Flux;
where Q  is the influent concentration of a parameter and Ce is its effluent concentration. 
With multiple sediment cores, influent concentrations are measured on a single line, 
termed the control line, which originates in the reservoir, bypasses the cores, and flows 
directly to the sampling flasks (Fig. 2.1). This control line corrects for potential tubing- 
induced changes in concentrations as effluent water flows to the sampling flask. 
Connecting tubing causes a slight reaeration and decrease in nutrient concentrations. By 
pumping influent water through lines which do and do not pass over sediment, these 
system artifacts are included in the relative concentrations and this error is avoided. 
Appropriate flow rates are selected according to criteria discussed below.
Statistical analysis
Given steady state conditions, rate determinations should be statistically identical 
at any time in the duration of the experiment Multiple determinations are valuable in that 
they add statistical robustness to conclusions drawn from an experiment. Y et the high 
degree of correlation of these multiple measurements made on a single core over time 
necessitates the use of repeated measures design. Both the multivariate and univariate 
approaches to repeated measures have teen used (Davidson 1972, Gurevitch and Chester 
1986, Moser et al. 1990). In the latter, it is necessary to characterize the correlation 
structure using Mauchly’s criterion (Mauchly 1940) and when necessary, to apply 
published corrections for the degrees of freedom (Greenhouse and Geisser 1959, Huynh 
and Feldt 1970). The univariate approach (with appropriate corrections to the degrees of
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freedom) is favored due to problems with occasional missing data; a multivariate 
approach will not handle missing data. The utility of a specific approach varies with the 
type of experiment. In most cases, however, treatment effects lie in the main plot of the 
model and results are identical using either approach.
Optimal Flow Rate Selection 
Theory
Extensive investigations of chemostat operation and continuous-flow systems in 
general have indicated the critical role of flow rate (Herbert et al. 1956, Williams 1965, 
Conway 1974). For this benthic microcosm system, the choice of flow rate is similarly 
critical. In bacterial and phytoplankton continuous culture, flow rate choice is dictated in 
part by the growth kinetics of the species under culture. Optimal flow rates in the benthic 
chemostat are similarly determined by the kinetics of the rate process under investigation. 
In an algal chemostat, washout occurs when the supply of limiting nutrient is insufficient 
to support growth at rates greater than the rate of cell removal via the effluent. Too rapid 
of a flow rate in this benthic chemostat system results in its benthic analog in which the 
residence time of the overlying water is less than the rate of sediment-water exchange, 
resulting in influent and effluent concentrations which are statistically identical. In 
contrast, water exchange at too low of a flow rate results in changes in overlying water 
concentrations as a result of sediment-water exchange with concomitant changes in 
concentration gradients and probable changes in effective diffusion coefficients. Low 
flow rates may also result in the saturation of reaction kinetics and redox changes (O2 
limitations) which affects some solutes. These departures from ambient conditions at low 
flow rates result in the development of feedback effects. For this benthic chemostatic 
system, an optimal flow rate exists when solute concentration differences between 








Figure 2.2. Theoretical relationship between flow rate and parameter concentrations in 
a benthic chemostatic system.
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Methods
The validity of this theoretical argument was investigated by determining the 
sensitivity of 2  mechanisms o f benthic - pelagic coupling, sediment metabolism and 
benthic nutrient flux, to chemostat flow rate. Variation of sediment oxygen consumption 
with flow rate was determined on two occasions. Initial determinations were conducted 
in January 1991 using 5 replicate sediment cores and ambient water collected from a 
brackish bayou in Fourleague Bay (part of the Atchafalaya estuarine system in southern 
Louisiana). Single flux rate measurements were made at 5 distinct flow rates ranging 
from 4 to 20 ml min-i and measured in ascending order, but including a return to the 
lowest flow rate at the end of the experiment. One and one-half complete replacements of 
the water-column overlying each sediment core were allowed before measurements were 
made, although oxygen consumption data indicated that once at steady state, adjustments 
to a new flow rate are made within one-half of a turnover. Measurements were again 
made in September 1991 using 6  replicate sediment cores from the same station and 
encompassing the same range of flow rates tested in January. Single flux rate 
determinations were made for each flow rate, however, flow rates were tested in random 
order in this experiment. Oxygen concentrations were measured using an Qrbisphere 
oxygen meter. Flux rates of NH4 , NO2+NO3, PO4, and Si0 4  were also determined for 
each flow rate during this experiment. Nutrient concentrations were measured using 
standard colorimetric techniques (Strickland and Parsons 1972) on an Alpkem RF/AII 
autoanalyzer.
Results
Rates of sediment oxygen consumption in January were not significantly different 
for flow rates ranging from 8 to 16 ml min-i (Fig. 2.3). Significantly lower rates were 
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Figure 2.3. Sediment oxygen consumption (upper panel) and nutrient flux (lower panel) vs 





















Initial and final rates of sediment oxygen consumption at 4 ml min-i were not 
significantly different from each other (F=0.16, d f=l,8 ). Measurements made in 
September indicate a similar pattern, despite the difference in the order of flow rate 
determinations (Fig. 2.3). Flow rate had a significant effect on sediment oxygen 
consumption (F=69.98, df=4,25). Rates were significantly lower at 4 ml min-i and 
higher at 2 0  ml min-i; rates at 8 , 1 2  and 16 ml min-i were not statistically different. 
Temperature differences (24 vs 31 °C for January and September, respectively) between 
the two periods account for the relative differences in oxygen consumption rates.
Significantly different fluxes were observed for all nutrients at a flow rate of 8  ml 
min-i (Table 2.1), however, these results probably reflect experimental artifacts. The 
flow rate of 8  ml min-i was the first flow rate tested; previous observations indicated 
higher initial fluxes relative to those made after steady state conditions have been attained. 
Omitting these initial measurements from the statistical analysis showed that flux rates 
varied significantly with flow rate for NO3+NO2, PO4 , and Si0 4  (Table 2 .1). Fluxes of 
NO3+NO2 were significantly greater at 20 ml min-i, while there was no consistent pattern 
in the magnitude of PO4 and Si0 4  fluxes.
Figure 2.4 demonstrates the effect of changing flow rate on influent and effluent 
concentrations. Effluent concentrations of O2 increase and all nutrients decrease as flow  
rates increase from 4 to 20 ml min-i (disregarding the disturbance artifact at 8 ml min-i). 
Figure 2.4 also demonstrates that proper experimental conditions were not met for all 
solutes at all flow rates. Influent and effluent PO4 concentrations were statistically 
indistinguishable at flow rates of 12 ml min-i and greater. These results demonstrate the 
phenomenon of washout discussed above.
Table 2.1. Flux rates of dissolved nutrients at different flow rates. Rates with the same letter for 
each nutrient are not significandy different using Tukey-Kramer range tests (p > 0.05).
Nutrient flux (dg-at nr2  hr1)
Flow rate 
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Figure 2.4. Influent and effluent concentrations vs flow rate for each solute. Open points denote influent




The chemostatic microcosm system has many distinct advantages for the study of 
benthic - pelagic interactions. The physical, chemical and biological nature of the 
sedimentary matrix is impossible to replicate in the laboratory, yet it is this structure 
which is paramount in controlling many benthic processes. A microcosm system using 
intact sediment cores collected immediately prior to the experiment permits minimal 
disruption of sediment layering, particle size distribution, chemical gradients, and 
biological communities. Water for the supply reservoirs collected concurrently enables 
the close replication of the in situ sediment-water system.
Chemostat methodology permits the maintenance of ambient conditions for the 
duration of the experiment. Changes in environmental conditions which may result in 
feedback effects are minimized by adjustment of the flow rate. However, optimal flow  
rates vary with the parameter under investigation. For example, in the study of benthic 
metabolism, microcosms with added macrofauna require higher flow rates than 
microcosms with no added fauna to avoid large departures from ambient O2 conditions 
(Chapter 5). Optimal flow rates also vary among dissolved inorganic nutrients. Results 
above demonstrated that flow rates optimal for the determination of NH4 flux were too 
rapid to permit statistically distinguishable differences in PO4 concentrations between 
influent and effluent lines. These results arise as the kinetics of regeneration and 
exchange are governed by different biological and/or physical processes. When using the 
chemostatic system, preliminary research is necessary to ensure optimal flow rates and 
therefore realistic rate determinations.
This chemostatic microcosm system also facilitates manipulations designed to 
directly investigate cause and effect relationships in benthic processes. Aspects of both 
the pelagic and benthic components, i.e. the supply reservoirs and sediment cores, can be
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modified. Water-column characteristics can be altered without disruption to the sediment 
cores. Typically, a paired set of cores, manipulated and control, is used such that 
changes can be attributed directly to the modification. In situ manipulations often pose 
complex procedural problems in soft-substrate environments (Peterson 1980). Tractable 
manipulations for these sediment cores include the addition of meio- or macrofaunal 
organisms, microbial flora and fauna, and benthic food resources (detritus, benthic 
diatoms, etc .). The inclusion of a variable speed stirring mechanism allows the 
replication of a variety of flow conditions at the sediment-water interface, from that of no 
flow to resuspension of the upper few mm in soft sediments.
The primary disadvantage of the chemostatic system is the time and labor required 
to set up the system before the beginning of an experiment The bulk of this time is spent 
connecting the tubing which links the reservoirs, sediment microcosms and peristaltic 
pump. However, this time is obviously proportional to the number of microcosms being 
used.
Continuous-flow systems have varied considerably in design and purpose. 
Pamatmat (1965) constructed a small apparatus for the in situ measurement of benthic 
metabolism. Twinch and Peters (1984) used small volume (15-30 ml) cores to measure 
PO4 exchange between lake waters and sediments. Liere et al. (1982) have used a larger 
volume system for the study of groundwater movement on phosphorus release. Fowler 
et al. (1987) described a recirculating system in which one could manipulate flow 
velocities at the sediment-water interface. The system of Nishio et al. (1982) has been 
previously mentioned. None of these systems enables both the replication of ambient 
sediment-water relationships and the ability to manipulate salient environmental 
characteristics.
Comparisons of sediment metabolism and benthic nutrient flux rates using this 
system and traditional batch methodology indicate that rates are comparable except in
cases in which there are departures from initial experimental conditions (Miller-Way et al. 
1994, Chapter 3). In a comparison of sediment metabolism and benthic nutrient flux 
using in situ batch and this chemostatic system shipboard, Miller-Way et al. (1994) 
observed no differences in nutrient flux rates. Significantly higher rates of sediment 
metabolism were observed under low O2 concentrations for the chemostatic system due to 
the initial reaeration of bottom water during the filtration process. In a more direct 
comparison of chemostatic and batch methodologies (using identical chambers), 
regeneration rates of NH4 , NO3, NO2 , PO4 and SiC>4 were consistently greater when 
measured using the chemostatic microcosm than when using batch incubations (Chapter 
3). Examinations of nutrient concentrations over time indicated that differences in flux 
rates between the two methods were due to changing concentration gradients as initial 
concentrations varied from ambient concentrations in the overlying water of batch cores.
The microcosm system has been used to experimentally investigate many aspects 
of benthic - pelagic coupling. Changes in benthic flux rates under hypoxia have been 
studied by purging the supply reservoirs with nitrogen or argon gas (Miller-Way and 
Twilley 1993, Fernandez 1994). Simultaneous estimates of direct and coupled 
denitrification rates have been made by amending separate supply reservoirs with !5N0 3  
and 15NH4 and measuring the production of nitrogen gas (N2 and NxO) (Twilley, unpub. 
man.). The role of benthic macrofauna in benthic - pelagic coupling has also been 
addressed using a series of manipulated (added macrofauna) arid ambient microcosms 
(Chpaters 5, 6 ). Using a combination of unfiltered and filtered supply reservoirs, rates of 
particulate retention and benthic regeneration, respectively, are determined. The 
macrofaunal contribution is then assessed by subtraction. The system is flexible in the 
details of its design and will permit a wide range of research questions to be addressed.
Chapter 3:
A Comparison of Batch and Continuous-flow 




Benthic metabolism and nutrient fluxes have traditionally been measured using in 
situ or microcosm experiments (Davies 1975, McCaffrey et al. 1980, Nixon et al. 1980, 
Zeitzschel 1980, Aller and Benninger 1981, Teague et al. 1988, among others). In situ 
experiments enclose water over sediment using domes, bell jars, plastic bags or other 
chambers while microcosm experiments involve the removal of intact sediment cores and 
overlying water for shipboard or laboratory incubation. In both types of experiments, 
flux rates are based on the change in oxygen and nutrient concentration in the overlying 
water over time. There has been considerable controversy regarding the utility of in situ 
versus microcosm experiments (Pamatmat 1971, Smith 1978), however both techniques 
use batch incubations which isolate sediment and overlying water from exchanges with 
the surrounding environment.
Batch methodology has several limitations. The most critical is the change in 
environmental conditions resulting from the experimental procedure. For processes 
which are dependent on environmental conditions, changes in these conditions have a 
proportionally negative effect on the accuracy of ambient rates. For example, in the 
closed system of a batch incubation, the consumption of O2 by the sediment results in 
decreased O2 concentrations in the overlying water which may, in turn result in decreased 
consumption rates. Similarly, the release of uptake or nutrients by the sediment results in 
a change in overlying water concentrations with concomitant changes in concentration 
gradients. Thus, in a batch incubation, benthic nutrient flux rates, as well as sediment O2 
consumption rates, change as an artifact of the experiment With regard to sediment O2 
consumption, the recognition of these feedback problems are not new; both Odum and 
Hoskin (1958) and Kemp and Boynton (1980) (among others) noted that the isolation of 
the system in experimental chambers removes important pathways of exchange.
For these reasons, the use of continuous-flow systems is increasing in the study 
of benthic-pelagic interactions (Nishio et al. 1982, Liere et al. 1982, Twinch and Peters 
1984, Fowler et al. 1987, Cole et al. 1992, Yamamuro and Koike 1993, Fernandez 
1994). This chapter presents the results of an experiment designed to investigate the 
sensitivity of rates of benthic-pelagic interactions to these problems. Rates of sediment 
O2 consumption and benthic nutrient flux determined using a continuous-flow system 
were compared to those measured using traditional batch methodology.
Study Site
The experiments described below were conducted in the Fourleague 
Bay/Atchafalaya Bay estuarine system. Fourleague Bay is a shallow (mean depth of 1.5 
m), river-dominated estuary in south-central Louisiana characterized by high suspended 
sediment and nutrient loads (Madden et al. 1988). The upper bay station, Carencro 
Bayou, is of low salinity (averaging <1 %o annually); the lower bay station, Oyster 
Bayou, is more typically estuarine with salinities (5-25%e) varying seasonally with the 
discharge of the Atchafalaya River. Infaunal benthic populations at these stations are low 
(unpublished data) presumably due to frequent wind-induced sediment resuspension. 
Sediments at both stations consist primarily of silt and clay (>90%), have a high organic 
content (ca 6 % of dry mass), and are well oxidized (mean Eh at 1 cm depth was 261 mV 
for cores used in this experiment). Frequent resuspension coupled with predominantly 
silt/clay-sized particles create a very fluid sediment
Methods
Experiments comparing rates of benthic nutrient flux and sediment oxygen 
consumption using conventional batch methodology and the new chemostatic microcosm 
system were conducted in April 1991. The design and operation of the chemostatic
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microcosm system is described in detail in Chapter 2. Experiments were conducted at 
two stations in Fourleague Bay (described above). Temperatures in April were 25 and 
23 °C, and salinities were 0 and 18 %o at Carencro and Oyster Bayous, respectively.
At each station, twelve cores were collected, six being allocated to each method.
It is important to note that core design, stirring procedures and incubation conditions were 
identical for each set of cores. Flux rates were determined for oxygen, NH4 , NO3 , NO2, 
PO4 and Si0 4 . Three determinations of flux rates were made for each replicate core. 
Water removed from the batch cores for nutrient determinations (approximately 30 ml of a 
total volume of 1800 ml) was replaced with filtered ambient water after each sampling. 
The duration of each experiment was approximately 10 h. All 12 cores were drained of 
overlying water and filled with filtered ambient water at the beginning of the experiment 
A flow rate of 10 ml min-i was chosen for chemostatic microcosms on the basis of 
previous experiments at these stations. Cores were incubated in the dark to minimize 
variability due to benthic autotrophic processes. Oxygen concentrations were measured 
using an Orbisphere oxygen meter equipped with a polarographic probe inserted into the 
core’s sampling port Nutrient concentrations were measured using standard colorimetric 
techniques (Strickland and Parsons 1972) on an Alpkem RF/AII autoanalyzer.
Results
Sediment oxygen consumption was significantly higher in the continuous-flow 
cores for both stations (Table 3.1). Fluxes were not significantly different between 
stations (Table 3.1) but showed significant decreases with time (Tables 3.2,3.3). This 
pattern of change did not vary with methodology (Tables 3.2,3.3).
Benthic nutrient fluxes were consistently higher using the chemostatic microcosm 
than measured with batch incubations, but were significantly higher only for SiCfy (both
Table 3.1. Sediment oxygen consumption rates and the main plot of the linear model used to





Oyster Bayou X 0.61 0.90
(SD) (0.14) (0 .11)
Carencro Bayou X 0.59 0 .8 6
(SD) (0 .11) (0.17)
SOURCE MODEL
Source df F P
Station 1 3.97 0.0595
Method t 1 197.69 0.0001
Core (Station, Method) 21 0.81 0.6906
f  Station by method interactions were pooled according to the criteria of Bancroft 
and Chien-Pai (1983).
Table 3.2. Mean flux rates over time determined using the batch and chemostat methodologies. Approximate time between 
samplings was 3 hours.
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Table 3.3. Tests of significance for all nutrients for subplot of repeated measures model. Tests for each nutrient 
were run individually and all tests were made using the Huynh-Feldt adjustment to the degrees of 
freedom (see text).
Source NH4 NO3 N0 2 PO4 S i0 4 0 2
Time ns* ns s s s s
Time x  Station ns s s ns ns ns
Time x  Method st s s s ns ns
Time x Station x Method ns ns ns ns s s
* not significant (p > 0.05) 
t  significant (p < 0.05)
stations), NH4 (Oyster Bayou), NO2 (Oyster Bayou), and PO4 (Oyster Bayou) (Fig.
3.1). Variation among the 6  replicate cores within each treatment minimized the ability to 
discern statistical differences between the two methods. Although all cores were taken 
from the same area, variation in sediment chlorophyll, benthic infauna and other sediment 
characteristics among cores contributed to the high coefficient of variation among replicate 
cores. High levels of variability among replicate sediment cores has been noted 
previously (Nixon et al. 1980, Fisher et al. 1982). Kelderman (1984) suggested that it is 
an ‘artifact’ inherent to any natural sediment system. Gallepp (1979) attributed this 
variation to unknown biological differences between replicate sediment cores. 
Interestingly, he noted that variability was greater in batch than in continuous-flow cores 
(see below).
There were significant interactions between time and method for most nutrients 
(Table 3.3), indicating that batch and chemostat methodologies behave differently with 
time. Ammonium and NO2 flux rates were widely divergent between methodologies for 
the first sampling and became more similar over time (Table 3.2). Nitrate flux rates 
diverged with time at both stations (Table 3.2). There was no apparent pattern with time 




It has long been recognized that stirring of either in situ chambers or microcosms 
(Carey 1967, Davies 1975, Boynton et al. 1981) increases sediment exchange rates. The 
additional mixing resulting from the movement of water through the influent and effluent 
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Figure 3.1. Sediment fluxes of nutrients at two stations as measured using chemostat 
and batch methodologies. Note differences in scales between the 2 stations. 
Error bars represent standard deviations.
two methodologies. Stirring determines the thickness of the diffusive boundary layer and 
indirectly controls the diffusion coefficient Across design comparisons may be 
erroneous because different stirring devices may create different flow patterns within a 
chamber or core and result in different effective diffusion coefficients (Santschi et al. 
1983, Jorgensen and Revsbech 1985). In this system, influent and effluent lines 
discharge approximately 3 cm below the top of the core and on opposite sides o f the 
stirrer. Observations with dye showed that the stirrers quickly entrain influent water.
The effects of the stirrer on flow patterns within the core are much greater than that 
contributed by the influent and effluent lines, and stirring therefore controls the thickness 
of the diffusive boundary layer. Differences between solute response to changing 
chemostat flow rate (using the same experimental design) lend support to this argument 
(see Chapter 2). The effect of stirring on diffusion coefficients are thus similar between 
treatments, and the observed differences between batch and chemostat determined flux 
rates must be attributable to other differences.
Response types
The observed differences between the chemostat and batch methods are a function 
of differences in concentration gradients between the sediment and overlying water. 
Emerson et al. (1984) also noted differences among solute flux which were explained by 
the strength of their respective concentration gradients.
The results of this comparison illustrated three types of response which can be 
designated feedback, linear, and washout responses. Nitrate fluxes typified a feedback 
response (Fig. 3.2). At Oyster Bayou, NO3 concentration in the batch cores initially 
increased with time (Fig. 3.2; upper panel) and resulted in fluxes which were initially 
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Figure 3.2. Nitrate concentration over time at Carencro Bayou in batch and chemostat 
cores (upper panel) and the corresponding fluxes (lower panel). Note the 
nonlinear change in overlying water concentration in the batch cores and 
the corresponding change in the direction of flux. Error bars represent 
standard deviations.
concentration gradient resulted in a leveling off in overlying water concentration and 
fluxes which were opposite in direction from those initially measured. In contrast, 
influent and effluent concentrations were stable with time for the chemostat cores and 
resulted in fluxes which were also relatively stable with time (Fig. 3.2). A minor portion 
of the observed curvilinearity in a feedback response is due to water replacement when 
sampling, however, changes in slope primarily reflect changing concentration gradients 
and result in flux rate changes. Many practitioners of batch methodology recognize the 
problems caused by feedback effects and attempt to avoid them using various approaches. 
Some use short incubation times assuming that feedback effects will therefore not have 
time to become operative. Others make successive determinations of nutrient or O2 
concentrations and discontinuing rate determinations when curvilinearity is detected. 
However, one must decide on a reasonable balance between these approaches as short 
incubations may emphasize disturbance artifacts, whereas multiple determinations cause 
some curvilinearity strictly due to water replacement. A continuous-flow system 
minimizes feedback effects as experimental conditions do not dramatically depart from 
initial ones.
Ammonium flux at Oyster Bayou typifies the second type of response designated 
as a linear response (Fig. 3.3). Overlying water concentrations increased linearly with 
time for batch methodology, while influent and effluent concentrations in the chemostat 
did not change significantly with time (Fig. 3.3; upper panel). Concentration differences 
between influent and effluent lines for the chemostat method and between successive 
samplings for the batch method were stable with time. Fluxes were not significantly 
different with time for both methodologies (Fig. 3.3; lower panel). The initial decrease in 
NH4 flux observed for the chemostatic system reflects the approach to a steady state 
condition. Twinch and Peters (1984) also noted that a disturbance phase of 
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Figure 3.3. Ammonium concentration over time at Oyster Bayou in batch and chemostat 
cores (upper panel) and the corresponding fluxes (lower panel). Note the 
linear increase in overlying water concentration in the batch cores and the 
difference between "ambient" concentrations in batch and chemostat cores at 
the beginning of the experiment. Error bars represent standard deviations.
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microcosms. It is important to note the only distinction between linear and feedback 
responses is one of time; linear increases in nutrient (or O2) concentrations will become 
curvilinear if measured for a sufficiently long period of time. The time required for this to 
occur varies with many factors, including remineralization rate, pore water pool size, and 
overlying water concentration, among others discussed below.
Thus, in a linear response, chemostat and batch methodologies would not be 
expected to result in significantly different fluxes. However, in this example, the 
significantly greater fluxes observed for the chemostatic cores were due to maintaining 
initial concentration gradients throughout the incubation. The initial (TO) concentration of 
NH4 was 4.63 pg-at L-i in the batch cores but was less than 0.1 pg-at L 1 in the influent 
water of the chemostat cores (Fig. 3.3; upper panel). As both cores were drained and 
filled similarly, and were treated identically during the experiment, this difference in initial 
conditions was due to the release of NH4 from the sediment while setting up the 
experiment, a period of approximately 1.5 h. The procedure used for setting up the batch 
cores in this experiment followed the procedure used by most researchers in this field. 
This methodological artifact may not have been previously noticed due to the high rates of 
sediment oxygen consumption and benthic flux in this estuary, and the lack of temporal 
resolution in the early phases of batch incubations.
Phosphate fluxes at both stations and NH4 fluxes at Carencro Bayou typify a 
washout response. For example, although PO4 fluxes determined with the chemostat 
method appeared stable with time (Fig. 3.4; lower panel), they do not represent realistic 
rate estimates. Examination of PO4 concentrations for the chemostat cores show that 
proper experimental conditions were not met as influent and effluent values were not 
statistically different (Fig. 3.4; upper panel). In a washout response, the rate of ion 
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Figure 3.4. Phosphate concentration over time at Carencro Bayou in batch and chemostat 
cores (upper panel) and the corresponding fluxes (lower panel). Note the 
absence of statistically different concentrations for the influent and effluent lines 
of the chemostat cores. Error bars represent standard deviations.
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overlying water. This is analogous to negative growth in an algal chemostat when 
limiting nutrient supply is insufficient to support growth at rates greater than the rate of 
cell removal via the effluent This type of response is characterized by fluxes which are 
not significantly different from zero.
The sensitivity of an ion’s exchange rate to its overlying water concentrations is 
an unknown factor regulating sediment flux. For oxygen, there has been considerable 
discussion as to whether uptake is strictly dependent (Nixon et al. 1980, Phoel et al. 
1981), strictly independent (Pamatmat and Banse 1969, Pamatmat 1971) or independent 
to some threshold value (Martin and Bella 1971, Fisher et al. 1982, Hopkinson 1985, 
Hofman et al. 1991) of the overlying water concentration. Hall et al. (1989) studied the 
effect of overlying water concentration on the kinetics of oxygen uptake. They found that 
an incubation could be divided into linear and exponential phases. During the linear 
phase, O2 uptake was independent of the overlying water concentration. As the O2 
concentration at the bottom of the diffusive sublayer approached zero, uptake became a 
function of the resistance in the boundary layer: this was the exponential phase. The 
thickness of the boundary layer increases as saturation is reached and the rate of increase 
is therefore dependent on the kinetics of the reaction being studied (Santschi et al. 1983). 
As the boundary layer increases in thickness, a reduced concentration gradient results 
which, in turns, produces a reduced flux. The existence of feedback effects on nutrient 
fluxes in this study may indicate that similar feedback mechanisms may hold for nutrient 
uptake and release.
Implications
The results of this comparison indicate that the kinetics of benthic exchange vary 
with solute and therefore that flux rate determinations are sensitive to the kinetics of the 
process under study. The observed variable response among nutrients and oxygen to
chemostat flow rate discussed in Chapter 2 lend support to this conclusion. Movement 
across the sediment-water interface can be governed by biological and/or physical 
processes. Pore water concentrations and thus fluxes of SiC>4 are controlled by a first- 
order dissolution reaction (Helder and Andersen 1987). In contrast, exchanges of NH4 
appear to reflect a zero-order reaction (Berner 1980). Aller (1980,1983) has shown that 
solutes with different order reactions respond differently to the presence of animal burrow 
linings. Oxygen has no remineralization reaction within the sediment to affect kinetics. 
Alternatively, pore water and overlying water concentrations of PO4 appear to be held in 
an adsorption equilibrium (Sundby et al. 1986).
Relative interstitial pool sizes may also affect the apparent kinetics of benthic 
exchange. A large nutrient pool in pore waters can support a continual release from the 
sediments at high rates for longer periods than a nutrient with a smaller interstitial pool. 
Ammonium has high pore water concentrations at these stations (Twilley, unpublished 
data) and appeared most insensitive to chemostat flow rate (no significant differences with 
flow rate were found; see Chapter 2), whereas NO3+NO2 has a small interstitial pool and 
was most sensitive to flow rate (Chapter 2). Silicate pore water pools are intermediate in 
size (Twilley, unpublished data) and this solute was intermediate in its sensitivity to flow  
rate (Chapter 2).
Differences in apparent diffusion coefficients among solutes which result from 
differences in concentration gradients may have also contributed to the observed results 
(Hall et al. 1989). Devol (1987) found that the role of the diffusive sublayer (the inner 
layer of the boundary layer) was critical in regulating sediment-water exchange. He 
concluded that solute diffusion through the diffusive sublayer was the rate limiting step 
only for those solutes which had steep pore water-overlying water gradients (represented 
by NO3 in his experiments). The thickness of this layer, which changed during the
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incubation, determined the specific diffusion coefficient. For solutes without strong 
gradients in his experiments, such as NH4 , SiC>4 and PO4 , he concluded that diffusion 
from the sediments and not resistance in the diffusive sublayer limited the flux rate. 
Jorgensen and Revsbech (1985) demonstrated that the diffusive sublayer limited oxygen 
flux into the sediments at high uptake rates and that this effectively controlled rates of 
bacterial respiration. Boundary layer resistance has been shown to affect release and 
uptake rates of nutrients and trace metals (Sundby et al. 1986, Westerlund et al. 1986).
Thus, these results imply that the ‘optimal’ (see Chapter 2) flow rate of the 
chemostat is different for different solutes. The observation that different processes have 
different kinetics and the need to optimize flow rate for the process under investigation is 
not new, it was noted in one of the original papers describing bacterial chemostats 
(Novick and Szilard 1950).
The relationship o f measured fluxes to real fluxes
Batch methodology is most problematic when large changes occur in ambient 
concentration gradients. This occurs when nutrients have a high rate of sediment-water 
exchange or in experiments which are of long duration. The maintenance of constant 
environmental conditions is essential for the study of any process which is directly 
dependent on those conditions. For nutrients with high rates of sediment-water 
exchange, the chemostatic microcosm more closely represents ambient environmental 
conditions; rates determined using chemostatic methodology are thus more representative 
of in situ rates.
However, it is apparent that experimental conditions in batch or chemostat 
laboratory or in situ microcosms do not duplicate all environmental characteristics which 
are important in the determination of sediment-water exchange rates. Consequently, the 
relationship of measured fluxes to real fluxes remains poorly understood. Differences
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between experimental conditions and actual field conditions seem most pronounced with 
regard to the hydrodynamic conditions at the sediment-water interface. The inability to 
duplicate these conditions in the most commonly used experimental designs is a 
consequence of the necessity for isolating the system for measurement It is possible that 
flumes would better duplicate the salient hydrodynamic properties (Komar 1976, Eckman 
1983, Butman et al. 1988). However, the volume of water needed in an average size 
flume decreases the sensitivity of this experimental design to exchange processes, that is, 
a large flux must occur before a change in concentration in the overlying water is 
observed. There have been few experimental studies which have approached this 
experimental design problem. Santschi et al. (1983) attempted to match apparent 
diffusivities by regulating chamber stirring rates to equate dissolution rates of gypsum 
plates inside and outside of an in situ benthic chamber. Cahoon (1988) described a stirrer 
for in situ chambers designed to match external flow fields. However, stirring within a 
chamber or microcosm most likely does not simulate in situ hydrodynamics (Hopkinson 
1985) which include turbulence and large scale advection.
As in any experimental procedure, a suitable balance between realism and control 
must be chosen in light of the research question (Kemp et al. 1980). In other disciplines 
of benthic biology and ecology in general, the integration of laboratory control and field 
realism has resulted in the experimental manipulation technique (Peterson 1980, Hairston 
1989). An experimental approach using microcosms may be most effective in the study 
of benthic-pelagic coupling. Using experimental manipulative techniques, one can 
investigate the sensitivity of benthic flux rates to critical environmental properties such as 
the nutrient loading rates or the hydrodynamic regime. The chemostatic system used in 
this study was designed for experimental manipulations and may be useful in addressing 
issues such as the discrepancies between measured and real fluxes.
Chapter 4:
The Annual Cycle of Benthic Fluxes of Oxygen, Nitrogen and Phosphorus 




It is now generally accepted that the remineraiization and regeneration of nutrients 
from the benthos can supply a significant portion of the nutrients required to support 
primary productivity in coastal systems (Nixon 1981, Boynton et al. 1982, Callender and 
Hammond 1982, Fisher et al. 1982, Kemp and Boynton 1984, Boynton and Kemp 
1985). More recently, it has become apparent that benthic nutrient regeneration can also 
affect primary production by modifying the relative availability of nitrogen and 
phosphorus (Seitzinger et al. 1980, Kemp et al. 1982). The low N:P ratios characteristic 
of coastal systems have been attributed to benthic remineraiization which results in fluxes 
low in nitrogen relative to phosphorus and low in nitrogen relative to sedimenting 
particulate matter. To date however, the conceptual understanding of the role of benthic- 
pelagic coupling in ecosystem function has been based primarily on research conducted in 
temperate systems in which the magnitude of riverine input is low relative to the volume 
of the system.
In river-dominated estuarine systems, the relative importance of benthic 
regeneration to primary productivity is regulated by the supply of river-borne dissolved 
and particulate material. For most temperate systems, this input is highly seasonal with 
maximum loading occurring in spring. The high rates of particulate matter deposition 
associated with riverine input represent a temporary storage of nutrients in the sediments. 
Through remineraiization, these nutrients may become available to primary producers and 
support productivity after the period of peak river input (Boynton et al. 1982), a process 
which has become known as deferred primary production. It is apparent that the 
magnitude as well as the timing and quality of riverine input can modify the role of 
benthic-pelagic coupling and consequently patterns of primary productivity.
The potential importance of this benthic-pelagic coupling to ecosystem function is 
at a maximum in the extremely shallow and areally extensive coastal systems which
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characterize much of the Gulf of Mexico. In these systems, the magnitude of riverine 
input and the degree of benthic-pelagic coupling describe a system which may be 
distinctly different in the rates and patterns of benthic regeneration than those reported for 
many other estuarine systems. The objective of this study was to document the annual 
patterns in benthic respiration and regeneration of nitrogen and phosphorus in a shallow, 
river-dominated coastal system in southestem Louisiana. Two sites within the estuary 
were selected for study in order to represent the large range of conditions encountered in 
these river-dominated estuaries.
Study Area
This study was conducted in Fourleague Bay, a river-dominated estuary in south- 
central Louisiana (Fig. 4.1). Fourleague Bay and the neighboring Atchafalaya Bay form 
a shallow coastal system which receives flow from the Atchafalaya River. This complex 
receives approximately 30% of the combined flow of the Mississippi and Red Rivers and 
is therefore strongly regulated by the seasonal cycle of riverine input Discharge of the 
Atchafalaya River follows a temperate seasonal pattern, with a spring peak and a fall- 
winter minimum.
Fourleague Bay can be divided into approximately equal halves by orientation.
The upper bay is oriented primarily in a northwest-southeast direction which allows for 
significant freshwater influence from neighboring Atchafalaya Bay. The lower bay trends 
north-south and is significantly influenced by the Gulf of Mexico through a deep, narrow 
tidal channel named Oyster Bayou. One site in each of these contrasting areas was 
selected for study over an annual cycle (Fig. 4.1). Salinities at the upper bay site are 
consistently low, averaging <1 %o over the annual cycle. Salinities at the lower bay site 
are highly variable ranging from fresh to 25 %c and vary in concert with the discharge 
cycle of the Atchafalaya River.
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Figure 4.1. Map of the study area in coastal Louisiana. Asterisks mark the location of study sites in 
upper and lower Fourleague Bay.
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Fourleague Bay is shallow (mean depth of 1.5 m), well mixed and characterized 
by high suspended sediment and nutrient inputs. The water-column environment of 
Fourleague Bay has been well described by Madden et al. (1988). Vertical stratification 
is uncommon in both areas of the bay, while horizontal stratification, or fronts, are 
common throughout the bay. Sediments in the bay consist primarily of silt and clay 
(>90%), have a high organic content (ca 6 %), and are well oxidized. Frequent wind- 
induced resuspension coupled with predominantly silt/clay-sized particles creates an very 
fluid sediment in the open bay areas selected for study. With the exception of an 
economically important oyster population in the lower bay, benthic infaunal populations 
are relatively low in most bay areas (Dugas 1978), presumably due to substrate 
instability.
Methods
Benthic metabolism and nutrient flux rates were determined using the chemostatic 
microcosm system described in Chapter 2 .  Intact sediment cores were collected from 
each station in Fourleague Bay by diving and returned to the laboratory for use in the 
microcosm system. Approximately 1001 of bay water was collected for each incubation 
at each station prior to diving. For each season, experiments at each station were 
separated in time by approximately 3 days.
Three replicate sediment cores were used for each experiment Typically, three 
independent determinations of flux rates were made during each incubation and were 
separated in time by a complete turnover of the water-column in the core. Water 
residence time in the microcosms varied from 3 to 4 h with experiment. Measurements 
were begun after an initial period of stabilization (approximately 3.5 h). Incubations were 
conducted in the dark and lasted approximately 10 h. Experiments were conducted at
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ambient temperatures for both stations in July (1990), September (1990), January (1991) 
and April (1991).
Flux rates of NH4 , NO3, NO2, and PO4 and sediment O2 consumption were 
determined at each sampling. Nutrient concentrations were determined using standard 
colorimetric techniques (Strickland and Parsons 1972) on an Alpkem RF/AII 
autoanalyzer. Oxygen levels were measured using an Orbisphere oxygen meter equipped 
with a polarographic probe.
Upon cessation of the incubations, each core was sampled for sediment 
chlorophyll, phaeopigments, and bulk density. Chlorophyll and phaeopigment 
concentrations were determined by fluorescence using a DMSO:acetone extraction of a 1 
crrf plug of surface sediment. Redox profiles were determined to a depth of 4 cm using a 
redox probe consisting of a platinum electrode and standard calomel electrode 
standardized to a hydrogen half cell at a pH of 4.0 with quinhydrone (Whitfield 1974).
Rates of sediment metabolism and nutrient flux were analysed using a repeated 
measures analysis of variance. Individual analyses were performed for oxygen 
consumption and each nutrient, but included seasonal, spatial (station) and temporal 
(within a single incubation) differences. An example of this type of analysis is presented 
in Appendix A. Data were loge transformed where appropriate as indicated by Bartlett’s 
test for homogeneity of variance (Steel and Torrie 1980). Adjustments were made to the 
degrees of freedom using the Huynh-Feldt (1970) method when Mauchly’s criterion 
(Mauchly 1940) indicated nonsphericity of the variance-covariance matrix. Pooling of 
error terms followed the criteria of Bancroft and Chien-Pai (1983). Regression analysis 
was used to identify environmental factors potentially contributing to the observed flux 
patterns. All statistics were performed using the statistical programs JMP (SAS Institute 
1989) or SuperAnova (Abacus Concepts 1989).
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Results and Discussion 
Sediment oxygen consumption
Similar seasonal cycles in benthic oxygen consumption were observed at both 
stations (Fig. 4.2). Rates were not significantly different between stations during any 
season (Table 4.1). Rates of sediment oyxygen consumption in the lower and upper bay 
varied 4-fold over the year with lowest rates in winter (Fig. 4.2). In the lower bay, 
highest rates were observed in summer (Fig. 4.2). Winter and spring rates were 
significantly lower than fall and summer rates which did not differ significantly (Table 
4.1, Fig. 4.2). In contrast, highest rates in the upper bay were observed in fall (Fig.
4.2), although summer and fall temperatures differed by only a degree. Rates were 
significantly different for all pair-wise comparisons (Table 4.1). Sediment O2 
consumption rates were significantly correlated to ambient water temperature in the lower 
(r2 = 0.97, p = 0.01) and upper bay (r2 = 0.86, p < 0.01). For all analyses of sediment 
O2 consumption, ‘replicate’ cores were a significant source of variation indicating that 
local sedimentary characteristics are more important in determining consumption rates 
than were station differences.
Nutrient flux
The seasonal pattern in fluxes of inorganic nitrogen in Fourleague Bay are 
presented in Figures 4.3 and 4.4. Dissolved inorganic nitrogen flux was dominated by 
NH4 . In the lower bay, NH4 fluxes averaged slightly more than 200 |ig-at m-2 h-1 (Fig.
4.3) during the summer and fall months. Lower fluxes in winter reflect the influence of 
temperature (11°C). Strict temperature dependence of fluxes, however, would dictate 
higher fluxes than observed in spring. This apparent loss of NH4 may be due to 
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Table 4.1. Statistical results of the main plot of the repeated-measures linear model used to 
test for station and seasonal differences.
Main plot error term 0 2 NH4 NQ3 N 02 PO4
Season ** ns ns ns ns
Station ns ns ns ns ns
Season x Station ** Jjs** *** ns ***
Core (Season, Station) *** ns ns ** ns
** p < 0.05
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Figure 4.4. Sediment-water exchange of NO^ and NC^ for both study sites in Fourleague Bay. 














relatively high NO3 and NO2 fluxes observed (see below) and the well oxidized 
conditions of the sediment during this period suggest relatively high rates of nitrification.
In the upper bay, the highest NH4 fluxes were observed in fall and lowest fluxes 
in January (Fig. 4.3), results similar to those observed for the lower bay. Spring fluxes 
were more in line with rates expected on the basis of the observed temperature (25°C), 
indicating the absence of the dissimilatory processes observed in the lower bay.
Sediment uptake of NH4 was observed during the summer sampling period (Fig. 4.3). 
Ammonium uptake has been observed at this station during previous spring and summer 
cruises (Twilley, unpublished data) and is thought to reflect high rates of coupled 
nitrification/denitrification within the sediment Statistical differences between cores were 
not observed as for sediment metabolism indicating that individual cores were adequate 
replicates (Table 4.1).
Nitrate uptake averaged 4 pg-at m-2 h-i in the lower bay over the annual cycle: 
peak uptake rates occurred in winter while peak release rates occurred in spring. Fluxes 
were significantly correlated to overlying water nitrate column concentrations (r2 = 0.91, 
p < 0.05). When water-column concentrations were high due to riverine input, high rates 
of NO3 uptake were observed (Fig. 4.4). The absence of a detectable flux during the 
summer and fall may reflect the demand for nitrate by assimilatory or dissimilatory 
(denitrification) processes within the sediment Conversely, in spring when water- 
column concentrations were again low, relatively high rates of sediment release were 
observed for both stations (Fig. 4.4), suggesting high rates of nitrification within the 
sediment yet lower assimilatory or dissimilatory demands. The seasonal pattern in nitrite 
fluxes support this explanation. In spring, the observed release of NO2 and NO3 from 
the sediment suggests nitrification. However, in the fall, NO2 release was not 
accompanied by NO3 release (Fig. 4.4). During the fall, temperature, low discharge
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conditions, and lower wind energy, may produce sedimentary conditions favoring 
denitrification. Winter fluxes were significantly lower than rates during other seasons 
(Table 4.1). Nitrite overlying water concentrations are low and mirror the seasonal cycle 
in water-column concentrations of NO3 .
In the brackish upper bay, NO3 fluxes averaged an uptake rate of approximately 
35 (ig-at m-2 h -f In contrast to the lower bay, peak uptake rates occurred in summer and 
winter and spring release rates were similar (Fig. 4.4). High water-column NO3 
concentration during the summer resulted in significantly higher rates of NO3 uptake 
(Fig. 4.4, Table 4.1), yet a similar water-column concentration during the winter 
experiment resulted in sediment release of NO3 (Fig. 4.4). These latter rates were not 
significantly different from those in the spring (Table 4.1). In contrast to results from the 
lower bay, no significant correlation was noted for NO3 flux and NO3 overlying water 
concentration. However, if one omits the unexpected winter results, the correlation 
becomes significant (r2 = 0.99, p = 0.07). High rates of NO3 and NO2 release in spring 
probably reflect high nitrification rates. As in the lower bay, there was an absence of 
sediment-water exchange during the fall, again suggesting high demand by assimilatory 
or dissimilatory processes within the sediment. The corresponding seasonal pattern of 
NO2 flux supported the hypothesis of high nitrification rates in the spring, though no 
significant differences were noted between rates for any season due to the level of 
variation over time (Table 4.1). Time was a significant source of variation in explaining 
NO2 flux patterns and indicates a strong coupling of sediment and water-column for this 
analyte. Seasonal patterns in overlying water concentrations of NO3 and NO2 were 
similar to each other and to that observed for the lower bay (Fig. 4.4). Individual 
sediment cores were adequate replicates for both NO3 and NO2 fluxes (Table 4.1).
There was no obvious seasonal pattern of PO4 exchange at either station (Fig.
4.5); significant differences were noted in seasonal rates only for the upper bay (Table 
4.1). Fluxes of PO4 were similar between the upper and lower bay during all seasons 
(Table 4.1).
Sediment properties
Sediment characteristics for the upper and lower bay are presented in Table 4.2. 
No significant regressions between sediment chlorophyll and phaeopigments and 
sediment respiration or nutrient flux were noted. Sediment respiration was significantly 
correlated to surface, 1 and 4 cm Eh values (r2 = 0.63, p = 0.02; r2 = 0.57, p = 0.03; r2 
= 0.52, p = 0.04, respectively) for both stations. Ammonium fluxes were significantly 
correlated to Eh values at 1 and 4 cm depth for the lower bay (r2 = 0.96, p = 0.02; r2 = 
0.95, p = 0.02), but not for the upper bay. Nitrite flux was significantly correlated to Eh 
values at 1 and 4 cm depth for the upper bay (r2 = 0.92, p = 0.04; 
r2 = 0.94, p = 0.03), but not for the lower bay. Phosphate fluxes were significantly 
correlated to the sediment phaeopigment - chlorophyll ratio in the lower bay (r2 = 0.97, p 
= 0 .0 2 ), but not in the upper bay.
Stoichiometric relationships
Stoichiometric ratios for sediment fluxes are presented-in Table 4.3. C^NFLt 
ratios independently confirm the hypothesis of high nitrification rates in the lower bay 
during the spring. 0:N  ratios for the lower bay at remaining times of the year do not vary 
significantly among season. 0 :N  ratios for the upper bay describe a different seasonal 
pattern from the lower bay (Table 4.3). Ammonium uptake during the summer and the 
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Table 4.2. Sediment properties at upper and lower bay sites in Fourleague Bay, LA.
' Station Summer '90 Fall '90 Winter '91 Spring '91
Chi a (|_ig cm-2) Lower Bay 0.96 0.52 0.71 0.50
Upper Bay 1.06 0.87 1 .1 0 0.29
Phaeopigments (fig cm"2) Lower Bay 4.72 3.04 2.87 2.38
Upper Bay 4.27 2.95 3.79 2.26
Bulk density (g cm"3) Lower Bay 0.4851 0.4428 0.4992 0.3629
Upper Bay 0.5405 0.5369 0.4188 0.4496
Eh (mV) - surface Lower Bay 397 264 465 459
1 cm 284 2 0 2 427 442
4 cm 268 182 425 434
Upper Bay 389 271 480 495
336 2 2 2 380 479
330 2 1 1 347 471
Table 4.3. Stoichiometric ratios for sediment flux rates at upper and lower bay sites in Fourleague Bay.
Lower Bav Upper Bay
NH4:P04 C>2:NH4 NH4:PC>4 C>2:NH4
Summer '90 157 17
Fall '90 14 8 24
Winter '91 9 13 4 24
Spring '91 „* 61 91 17
* Ratio was not calculated due to sediment uptake of PO4  or NH4  (see text).
suggested by the patterns of nutrient flux. The higher ratios determined for the fall and 
winter periods are believed to reflect benthic autotrophic processes and nitrification, 
respectively. The 0 :N  ratio for the spring does not corroborate the high rates of 
nitrification suggested by the flux data.
In the lower bay, fluxes of PO4 were in approximate agreement with that expected 
on the basis of stoichometric ratios for remineraiization only during winter (Table 4.3). 
The direction o f the observed sediment flux of PO4 in the upper bay was more in line 
with fluxes expected on the basis of the stoichiometry of remineraiization except during 
summer. Phosphate fluxes were not significantly correlated with NH4 flux for either 
station, though the relationship was stronger in the upper bay (r2 = 0.40, p = 0.37 vs r2 
= 0.61, p = 0 .2 2 ; for the lower and upper bays, respectively).
Generality o f patterns in Fourleague Bay
The only other previously published report of benthic fluxes in Fourleague Bay 
used in situ domed chambers to determine benthic flux rates over a 10  month period in 
1981 - 1982 (Teague et al. 1988). Rates and seasonal patterns of benthic flux from 
Teague et al. (1988) compare favorably with the data from this study. Rates of sediment 
oxygen consumption at the upper and lower bay sites studied were at a minimum in the 
winter and reached a maximum in the summer as was observed in this study. Annual 
mean values were slightly less for this study (0.93 vs 1.18 g m-2 d-i). In contrast to this 
study, Teague et al. (1988) found that sediment oxygen consumption was only weakly 
correlated to temperature at the upper bay site and found no correlation at the lower bay 
site. This discrepancy may be due to the smaller degree of variation between successive 
determinations in a microcosm versus in situ domes. Neither study noted significant
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differences in sediment 0 2  consumption between upper and lower bay sites, again 
suggesting the importance of local sedimentary characteristics in determining these rates.
Rates of NH4 sediment exchange at both bay sites were slightly lower than mean 
annual values reported by Teague et al. (1988) (132 vs 153 pg-at m-2 h-i, lower bay and 
77 vs 103 pg-at m-2 h-i, upper bay). In contrast to their study, there were no significant 
correlations between NH4 flux and other factors such as sediment O2 consumption, 
overlying water NH4 concentration or temperature observed in this study. In both 
studies, as in those of Twilley (unpublished data) in Fourleague Bay, rates in the more 
marine lower bay were higher than rates in the more brackish upper bay. In this study, 
these differences were more marked during the more metabolically active seasons of 
spring and summer.
The mean annual values and range of combined NO3 and NO2 fluxes in this study 
were lower than those reported in Teague’s earlier study in Fourleague Bay (-4 vs 79 pg- 
at m-2 h-i, lower bay and -35 vs -112 pg-at m-2 h-i, upper bay) (Teague et al. 1988). 
Similarly, values for NO3 + NO2 flux reported by Twilley (1989, unpublished data) were 
lower than those reported by Teague et al. (1988). The cause of these differences is 
unknown. While the two studies used different methodologies, the maintenance of a 
constant concentration gradient in the chemostatic approach would be expected to result in 
higher, not lower fluxes (Chapter 2). Similarly, interannual differences in riverine 
loading would result in flux differences counter to those observed (see below). The three 
highest rates of NO3 +NO2 uptake or release measured by Teague et al. (1988) are 
associated with relatively high levels of variance among the four replicate chambers. It is 
possible that these high rates reflect disturbance artifacts and are not representative of 
ambient flux rates. Nonetheless, both studies indicated that flux rates were correlated to
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water-column concentration of NO3 and that nitrate uptake dominated benthic flux to a 
greater extent in the upper bay.
Sediment-water-column exchange rates of PO4 were similar to those reported in 
Teague et al. (1988). Annual averages in the upper and lower bays were 4.38 and -0.99 
pg-at m-2 h-i, respectively, while Teague et al. (1988) reported annual means of -1 and - 
16 pg-at m-2 h-1 for the upper and lower bays, respectively. Both studies reported no 
obvious spatial or seasonal patterns in flux rates.
The mean annual 0 :N  ratios of 27:1 and 18:1 reported by Teague et al. (1988) for 
the upper and lower bays, respectively, were similar to those observed during this study. 
Teague et al. (1988) did not report N:P ratios for upper and lower Fourleague Bay 
because of the numerous negative values attributable to PO4 uptake by the sediments.
Seasonal differences in nutrient flux patterns between this and Teague’s et al. 
(1988) study allude to the nature of the riverine influence on benthic regeneration. In this 
study, sediment NH4 uptake occurred in the upper bay in summer, while the period of 
sediment uptake occurred in spring in the study of Teague et al. (1988). In this study, 
minimal rates were observed in the spring in the lower bay, but in the winter in Teague’s 
study. Seasonal differences in the periods of peak sediment-water-column exchange also 
exist for NO3 + NO2. At the lower bay site in this study, maximum uptake rates were 
noted in the winter; in Teague’s study (Teague et al. 1988), they occurred in the spring.
In the upper bay, maximum uptake rates occurred in the summer in this study compared 
to fall in that by Teague et al. (1988). Riverine input directly influences NO3 + NO2 flux 
during periods of high discharge; these patterns are secondarily modified by 
transformation processes within the sediment during summer and fall. The differences 
between studies may reflect fluidity in the timing of the seasonal cycle and that these 
differences are related to differences in the magnitude and timing of loading by the
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Atchafalaya River (Fig. 4.6). Prior to and during this study, discharge and nitrogen 
loading to Fourleague Bay from the Atchafalaya River was higher than during the same 
period in Teague’s study.
Phosphate dynamics
Contrary to expectations, there was no discemable seasonal or spatial patterns in 
the benthic flux of PO4. The absence of spatial or temporal patterns was also noted by 
Teague et al. (1988) and by Twilley (unpublished data). Additionally, in Fourleague 
Bay, water-column concentrations of PO4 do not appear to be influenced by the river 
flood cycle (Madden 1986). These observations reflect the capacity of this silt-clay 
dominated sediment to act as a buffer system for water-column concentrations (Froelich 
1988). Rochford (1951) suggested a lower threshold of 1 pM and an upper threshold of 
3-4 pM for Australian estuarine sediments. These data support this hypothesis (with one 
exception); when water-column concentrations are greater than approximately 1 pM, PO4 
was released from the sediment, conversely, when concentrations were less than 1 pM, 
uptake occurred (Fig. 4.5). Pomeroy et al. (1965) however, argue for a continuous 
adjustment of the sediment-water equilibrium. The mechanism by which buffering 
occurs appears to involve a two-phase sorption process (Patrick and Khalid 1974, Khalid 
et al. 1977). A rapid, initial phase is characterized by ion sorption onto particle surfaces. 
A slower, second phase is distinguished by the diffusion of ions into the crystal lattices of 
clay particles. Khalid et al. (1977) found that the amount of ion sorbed was a function of 
total soil carbon, the extractable iron concentration, and the PO4 concentration. Other 
studies have suggested that the sorption capacity of particles increases with decreasing 
particle size, and decreasing salinity (Sverdrup et al. 1942, Carritt and Goodgal 1954), 
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Figure 4.6. Discharge of the Atchafalaya River prior to and during this and Teague et al.'s 1988 study.
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environments, Canitt and Goodgal (1954) presented data that indicated the reversibility of 
the sorption process is a direct function of the duration of the ion-particle complex; the 
longer an ion has been sorbed onto a particle, the less likely is its release to the water.
This observation is now explained by the two-phase sorption response discussed above.
Corroborating evidence for this hypothesis can be found in examining the patterns 
of PO4 flux over time in the chemostatic system used in this study. Time was a 
significant source of variation in explaining PO4 flux rates (Table 4.1). Changes in PO4 
flux over time in the chemostatic system are due to feedback interactions between the 
sediment and water-column phases of the microcosms. During some of the experimental 
incubations, the concentration of PO4 in the supply reservoir changed over time. These 
changes resulted in changes in the direction of flux; higher reservoir concentrations 
resulted in sediment uptake. The cause of these changes in reservoir concentrations is 
unknown as the water was filtered through a 0.2 pM filter before use. However, they 
may be due to changes which result from the removal of the particulate phase. A similar 
study in Mobile Bay (Miller-Way et al. 1991) also suggests that sediments may act as a 
buffer system for overlying water-column concentrations.
Estuaries present an environment in which the effectiveness of the sediment 
buffering system is maximal. This effectiveness is a function of; 1) the exchange capacity 
of the sediment, 2) the exchange rate between the sediment and water-column, 3) the 
flushing time of the estuary, and 4) the rapidity of vertical mixing in the water-column. 
Estuaries are characterized by low salinities, high turbidities, a high degree of coupling 
between sediment and water-column, and in many cases, frequent sediment 
resuspension. Fourleague Bay represents the extreme of many of these factors. 
Fourleague Bay is very shallow having a mean depth of 1.5 m and does not undergo 
thermal or density stratification. The magnitude of riverine input results in low salinities
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over much of the bay area during much of the year and a high flushing rate. Riverine 
input also results in high rates of sediment deposition (McKee, unpub. data). River- 
borne sediments are predominately inorganic and fine grained clays (Miller 1983) which 
are highly reactive in sorption processes. Lastly, due to its depth and the predominance 
of fine grained sediments, Fourleague Bay undergoes frequent sediment resuspension.
The presence of the sediment buffering system serves to decouple remineralization 
and PO4 flux in Fourleague Bay. The exchange of material across a sediment-water 
interface is composed of two distinct processes, the remineralization of organic material 
within the sediment and the movement of these ions across the sediment-water interface 
(Fig. 4.7). Sorption reactions trap PO4 that has been remineralized within the sediment 
such that PO4 release does not occur. Data show that periods of maximum benthic 
remineralization, as indicated by sediment oxygen consumption and NH4  flux data, are 
not apparent in PO4 flux patterns. This result indicates that sediment exchange rates of 
PO4 do not directly reflect remineralization within the sediment
The importance o f benthic regeneration to primary productivity in Fourleague Bay
Reported annual primary production rates for upper and lower Fourleague Bay are 
120 and 317 g C m-2 yr-i, respectively (Randall and Day 1987). Assuming a PQ and 
RQ of 1.2 and 1.0, respectively and Redfield ratios, total dissolved nitrogen (DIN: NH4 
+ NO3 + NO2) flux from the sediment in the lower bay provides only 28% of the 
nitrogen required to support this level of productivity. Similarly, in the upper bay, 
benthic DIN flux supplies approximately 24% of the nitrogen requirements. If the 
observed rates of NO3 uptake are not included in this total, the benthic flux of NH4 meets 
45% of the annual nutrient requirements.
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Figure 4.7. Schematic depicting the relationship between remineralization, regeneration, and the observed N:P ratio.
The spatial and temporal patterns of primary productivity in Fourleague Bay have 
been well described by Randall and Day (1987) and Madden (1992). Peak production in 
the bay typically lags peak river nutrient input; this suggests that recycled nutrients are 
important in fueling production processes. Spatially, peak production is 2-3 times greater 
in the lower bay. However, these patterns are highly dependent on river discharge.
During the high flow period of winter to late spring, production peaks in the middle bay 
and is lower at the bay entrance and exit to the Gulf. Primary production during this time 
is thought to be light limited; production peaks in the middle of the bay as the turbidity 
associated with riverine input decreases. During low flow (summer through fall), this 
pattern is altered; production generally peaks at the ends of the bay and is low in the 
middle bay. N:P ratios suggest that production in the lower bay during this time may be 
nitrogen limited.
What supports the high level of primary production in the fall? Riverine inputs 
are at a minimum during this period, tidally advected water from the gulf is also low in 
nutrient content. While the saline marshes surrounding the lower bay have been 
documented to release large amounts of NH4  during the fall, this exchange is contingent 
upon water exchange between the marsh and bay. This exchange is severely reduced in 
the fall except under uncommon meterological conditions (Childers and Day 1990).
Thus, marsh input is at its mimimum during the fall high productivity period. High water- 
column regeneration rates have been reported for Fourleague Bay but their contribution 
relative to phytoplankton nitrogen demand has been assessed as low (Rivera-Monroy 
1988). In contrast, benthic regeneration of NH4 reaches a maximum during this low 
discharge period. The temporal patterns in NH4 flux in the upper and lower bay parallel 
those observed in primary productivity. Maximum rates occurred in the summer and fall 
in the lower bay, and in the fall in the upper bay. Greater than 55 % of the annual net
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production occurs during the summer - fall period in the lower bay while 80% of the 
annual net production occurs during late summer-fall in the upper bay (Randall and Day 
1988). Unlike river-dominated estuaries which experimence stratification, in Fourleague 
Bay these regenerated nutrients are mixed into the water-column and are available for 
production. Reduced flushing during this period also promotes the retention and 
utilization of these regenerated nutrients in the estuary.
Thus, in Fourleague Bay, the benthic regeneration of nitrogen appears to 
significantly influence the timing of primary production. The maximum rates of DIN flux 
measured in the more productive lower bay during the summer and fall can support a 
production of 0.43 g C m-2 d-k Fall means from the period 1987 to 1991 indicate a 
production of approximately 1.5 g C m-2 d-1 in this area. Without nitrogen input from 
benthic regeneration during this period, the fall peak in production would not occur. 
Spatial and temporal patterns of production at other times of the year and in other parts of 
the bay are likely to be similarly modified by benthic regeneration albeit to a lesser extent. 
For example, in the upper bay, DIN flux contributes 0.31 g C m-2 d-1 towards a peak 
production of 3.7 g C m-2 d-1-
The benthic flux of PO4 in the upper bay supplies approximately 40% of the P 
required to support the above level of annual productivity. In the lower bay, there is a net 
annual uptake of P by the sediments, yet high levels of production and consequently a 
high P demand of approximately 28 |ig-at m-2 h-k Low N:P ratios observed in upper 
Fourleague Bay have been used to infer P limitation of primary production (Madden et al 
1988). However, in Fourleague Bay, the magnitude of riverine loading and the presence 
of a sediment buffering system lead us to believe that the system is not P-limited.
The magnitude of riverine input and the shallow, non-stratified nature of 
Fourleague Bay distinguish it from the river-dominated estuaries on which current 
conceptual understanding of estuarine function is based. Several nutrient retention
mechanisms common to river-dominated estuarine systems, including flocculation, 
sorption, and deposition, are maximized in the prograding deltaic environment of 
Fourleague Bay and the Atchafalaya system. Due to its magnitude, the seasonality of 
riverine input plays a pivotal role in regulating ecosystem processes in Fourleague Bay. 
The importance of benthic-pelagic coupling to this functioning appears to be inversely 
related to riverine input. During high flow seasons, short flushing times and temperature 
constraints restrict the influence of benthic processes on water-column nutrient 
concentrations. However, lateral coupling with the areally extensive surrounding 
marshes may be important during this time. During the low flow period, benthic-pelagic 
coupling in the vertical is enhanced and the influence of benthic regeneration on water- 
column nutrient levels and primary production becomes more significant The 
characteristics of coastal systems such as Fourleague Bay are common to many estuaries 
bordering the Gulf of Mexico. Additional research on estuarine function in these 
estuaries will likely broaden the mechanistic understanding of coastal margin systems.
Chapter 5:
The Effect of Epifaunal and Infaunal Suspension Feeders 
on the Annual Cycle of Benthic Fluxes of Oxygen, Nitrogen and Phosphorus




Research over the last two decades has demonstrated that the benthic environment 
plays a critical functional role in many coastal ecosystems. For example, remineralization 
and regeneration of nutrients from the benthic environment can supply a significant 
portion of the nutrients required to support water-column primary productivity (Rowe et 
al. 1975, Billen 1978, Nixon 1981, Boynton et al. 1982, Callender and Hammond 1982, 
Fisher et al. 1982, Nixon and Pilson 1983, Klump and Martens 1983, Kemp and 
Boynton 1984, Boynton and Kemp 1985, Hargrave and Phillips 1986, Doering 1989, 
Dollar et al. 1991). Benthic processes can also modify the relative availability of these 
nutrients: sediment denitrification can result in a deficit of nitrogen relative to phosphorus 
being supplied to the water-column (Seitzinger et al. 1980,1984). Thus, the capacity of 
the benthic environment to serve as a nutrient source or sink can result in quantitative and 
qualitative changes in ecosystem processes.
Benthic fauna can significantly affect the patterns and rates of sediment processes. 
Benthic organisms can directly contribute to sediment oxygen consumption via their own 
metabolic demands (Pamatmat 1968, Smith 1973, Murphy and Kremer 1985, Andersen 
and Kristensen 1988, Boucher and Boucher-Rodoni 1988) or indirectly stimulate 
sediment oxygen consumption by bioturbating activities and cascading effects on the 
microbial community (see reviews by Aller 1988, Hylleberg and Henricksen 1980). 
Benthic fauna have also been shown to significantly affect patterns of nutrient 
regeneration (Rhoads 1973, Aller and Yingst 1978,1980,Chatarpaul et al. 1980, 
Henricksen et al. 1980, Nixon et al. 1980, Blackburn and Henricksen 1983, Kaspar et al. 
1985). Again, changes result from both direct mechanisms, such as excretion (Boucher 
and Boucher-Rodoni 1988, Vetter and Hopkinson 1985, Regnault 1986), and indirect 
effects, for example, the stimulation of microbial processes (Aller 1978,1982, Aller and 
Yingst 1978, 1980,1985, Henricksen et al. 1981,1983, Kristensen 1984,1985,
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Sayama and Kurihara 1983). Much of the work addressing the effect of benthic fauna on 
sediment processes has focused on bioturbating or deposit feeding macrofauna; less 
attention has been focused on suspension feeders. However, it is widely recognized that 
dense assemblages of suspension feeders can significantly affect water-column properties 
(Kuenzler 1961, Dame et al. 1980,1984,1985, Cloem 1982, Officer et al. 1982, 
Boucher and Boucher-Rodoni 1985). The mechanism and degree to which these less 
mobile and less sediment -dependent species can affect benthic processes is the focus of 
this study.
The variety of relationships between benthic fauna and their sedimentary habitat 
result in a diversity of faunal effects on sediment processes. The specific life style of an 
organism, i.e. its feeding mode and its motility, would logically dictate the nature of its 
effects on the physical, chemical, and biological properties of sediment. Thus, one might 
expect that deposit feeding species would function differently in their environment than 
would suspension feeders. Similarly, epifaunal suspension feeders would have different 
effects on their environment than would infaunal suspension feeders as a consequence of 
the lack of a direct association with the sedimentary environment. The classification of 
species into these life style, i.e. functional groups, has proven to be a stimulating and 
useful approach in the understanding of factors determining benthic community 
composition. In a seminal series of papers in the study of animal-sediment relations 
(Rhoads and Young 1970,1971, Rhoads et al. 1977,1978, Rhoads and Boyer 1982, 
Rhoads and Germano 1986), Rhoads and colleagues hypothesized that predictable 
temporal changes in benthic functional group composition occur following a physical 
disturbance to the benthic environment. Underlying this successional hypothesis are 
specific associations between faunal life style and sediment exchange processes. While 
recent research has demonstrated a number of specific instances in which the predictions 
of this successional hypothesis do not hold (see review by Posey 1990), the correlation
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of a specific faunal group of benthic organisms with specific effects on sediment 
processes appears robust (Henricksen et al. 1983, Matisoff et al. 1985, Andersson et al. 
1988, Miller-Way and Clarke 1990). The functional group approach may therefore 
provide an useful conceptual framework for understanding benthic community function 
and the role of benthic fauna in ecosystem processes.
The primary objective of this study was to determine the effect of dense 
assemblages of suspension feeding fauna on the annual patterns of sediment oxygen 
consumption and benthic nutrient regeneration in a river-dominated estuary. A secondary 
objective was to contrast the effects of epifaunal and infaunal populations on benthic 
processes. The communities selected are similar in their feeding requirements but differ 
in their degree of association with and effect on the sedimentary environment and 
therefore might, a priori, be expected to play different roles in benthic-pelagic coupling.
Study Area
This study was conducted in Fourleague Bay, a river-dominated estuary in south- 
central Louisiana. Fourleague Bay forms the eastern border of the areally extensive 
Atchafalaya Bay system and is surrounded by extensive brackish and saline marshes.
The estuary is very shallow (mean depth of 1.5 m), well mixed and characterized by high 
nutrient and suspended sediment inputs. The water-column environment of Fourleague 
Bay has been well described by Madden et al. (1988). Sediments in the bay consist 
primarily of silt and clay (>90%), have a high organic content (ca 6 %), and are well 
oxidized in surficial layers (R. Twilley, pers. comm.). Frequent wind-induced 
resuspension coupled with predominantly silt/clay-sized particles creates a very fluid 
sediment in open bay areas. Benthic infaunal populations are relatively low in most bay 
areas (Dugas 1978), presumably due to substrate instability.
In this study, the effects of epifaunal and infaunal suspension feeding bivalves on 
sediment oxygen consumption and benthic nutrient fluxes in Fourleague Bay were 
compared. The epifaunal oyster, Crassostrea virginica. is very common in the lower 
portion of Fourleague Bay. The natural reefs occurring in this area, the appropriately 
named Oyster Bayou, have been commercially productive without the use of cultch or 
seed since the 193Q’s (E. Melangon, pers. comm.). Densities in the channel connecting 
Fourleague Bay with the Gulf of Mexico approach 300 m-2; biomass averages 150 g dry 
wt m-2 (E. M elan in , unpub. man.). The brackish upper portion of the bay and the 
numerous bayous entering the bay are populated by the brackish water clam, Rangia 
cuneata. This infaunal suspension feeding species is very common in low salinity, 
muddy, subtidal areas and is widely distributed in eastern US and Gulf of Mexico 
estuaries (LaSalle and de la Cruz 1985). There have been no densities reported for 
Rangia cuneata in Fourleague Bay. In Vermilion Bay, which lies in the western portion 
of the Atchafalaya Bay system, Gooch (1971) recorded a maximum density of 756 m-2; 
average site densities ranged between 50 and 561 m-2 .
Methods
A manipulative approach was used to determine the faunal contribution to benthic 
processes. Benthic oxygen consumption and nutrient flux rates were determined using the 
chemostatic microcosm system described in Chapter 2. Animal effects were isolated by 
subtracting an average sediment rate from rates determined on sediments to which 
bivalves had been added.
For each benthic community tested, three intact replicate sediment and three intact 
replicate sediment + fauna cores were used. Incubations were conducted in the dark and 
lasted approximately 10 hrs. Typically, three independent determinations of flux rates 
were made during this time and were separated in time by a complete turnover of the
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water-column in the core. Measurements were begun after an initial period of 
stabilization (approximately 3.5 h). Flow rates of the chemostatic microcosm varied only 
slightly with experiment/season, from 8 to 11 ml min-i. Respiration rates of sediment 
and sediment + fauna as well as flux rates of NH4 , NO3, NO2, and PO4 were determined 
at each sampling. Oxygen levels were measured using an Orbisphere oxygen meter. 
Nitrate, nitrite, and phosphate concentrations were determined using standard colorimetric 
techniques (Strickland and Parsons 1972) on an Alpkem RF/AII autoanalyzer. 
Ammonium concentrations were determined using the indophenol blue method 
(Solorzano 1969).
Sediment cores were collected from Fourleague Bay by diving. Clumps of 
oysters were collected concurrently with sediment cores, held in ambient water until the 
initiation of the experiment, and were then placed on top of the sediment. No attempt was 
made to clean the clump of encrusting species, although all mobile fauna were removed. 
‘Oyster’ rates, therefore, more correctly reflect oyster community rates. Infaunal Rangia 
cuneata were also collected concurrently with the sediment cores and held in ambient 
water during transport to the laboratory. Individuals were “planted” in the sediment cores 
in their natural orientation and allowed to return to predisturbed conditions (siphons 
extruded and actively filtering) before the initiation of the experiment. Individuals were 
added to the sediment microcosms in densities approximating those in the field.
No attempt was made to remove nonsuspension feeding fauna from the sediment 
cores used in the experiments, though no cores contained bivalves in addition to those 
that were added. Thus, differences in “background” fauna contributed to the variation in 
results between cores. However, the dominance of the biomass by the added fauna made 
these differences negligible for the sediment + fauna cores. Faunal biomass was 
determined as dry body (shell removed) weight after drying at 60° C for 72 h.
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Seasonal determinations of macrofaunal effects were made in an effort to assess 
the annual importance of fauna to nutrient cycling in this estuarine system. Experiments 
were conducted at ambient temperatures for both functional groups in July 1990 (26°, 27° 
C), September 1990 (28°, 28° C), January 1991 (11°, 14° C) and April 1991 (23°, 25° C), 
for the lower (Crassostreal and upper (Rangial bay, respectively.
Rates of sediment metabolism and nutrient flux were compared to rates for the 
sediment + fauna treatment by converting the mean weight-specific faunal rates to a 
standard density. The standard weight of 2 g dry body wt per core used was based on an 
approximate average of core densities used in the experimental incubations. The mean 
weight-specific rate used in this standardization incorporated bivalve size effects as 
attempts were made to include individuals which encompassed the available size range in 
each experiment As such, this approach is more coarse-grained from that used in 
physiological ecology studies in which a linear regression between size and rate is 
established and used to predict rates for a modal sized individual. In this study, 
regression analysis was used to examine the relationship between bivalve size and weight- 
specific rates. Significant regressions between animal size and rate were not always 
observed and thus, this ‘physiological’ approach was not possible.
Differences between sediment and sediment + fauna treatments were analyzed 
using repeated measures analyses of variance. Individual analyses were performed for 
oxygen and each nutrient. An example of the linear model used for such analyses is 
presented in Appendix A. Data were loge transformed where appropriate as indicated by 
Bartlett’s test for homogeneity of variance (Steel and Torrie 1980). Adjustments were 
made to the degrees of freedom using the Huynh-Feldt (1970) method when Mauchly’s 
criterion (Mauchly 1940) indicated nonsphericity of the variance-covariance matrix. 
Pooling of error terms followed the criteria of Bancroft and Chien-Pai (1983).
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Weight-specific rates of oxygen consumption and nutrient flux were examined 
for seasonal and species differences using a similar protocol (repeated measures analyses 
of variance using individual analyses for oxygen and each nutrient; Appendix A). Weight- 
specific rates which were not significantly different from zero (Ho = 0) indicated that the 
species had no effect on sediment exchange rates. All statistics were performed using the 
statistical programs JMP (SAS Institute 1989) or SuperAnova (Abacus Concepts 1989).
Results
Suspension feeder effects on benthic nutrient flux
The presence of macrofauna on or within the sediment significantly increased 
benthic oxygen consumption in all seasons (Fig. 5.1; Table 5.1). For the epifaunal 
oyster, this increase was most marked during the fall (8.5-fold; Fig. 5.1), and minimal 
during the winter (1.8-fold). Of the total respiration, the oyster community contributed a 
maximum of 8 8 % in the fall to a minimum of 44% in the winter. For the infaunal rangia 
clam, increases above ambient sediment respiration varied less dramatically with season 
(2 to 5-fold). The lack of statistical differences between sediment and sediment + fauna 
rates in summer was due to the variation between cores which was due to differences in 
clam sizes among replicate cores (see below). The largest increase above ambient rates 
was observed in summer when the clams accounted for 80% of the total benthic 
respiration (Fig. 5.1). This is contrasted with a minimum contribution of 53% to the total 
respiration in the winter (Fig. 5.1).
The presence of suspension feeding macrofauna increased ammonium and 
phosphate release from the sediment and significantly altered rates o f other nutrient 
transformations. The addition of oysters resulted in significantly increased NH4 release 
from the sediment in all seasons (Table 5.1, Fig. 5.2). The increase above ambient 
sediment fluxes was most pronounced in the fall (8 .2 -fold or 8 8 % of the total flux) and
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Figure 5.1. Oxygen consumption for sediment and sediment + fauna treatments for both stations in
Fourleague Bay. The upper panel presents sediment and oyster rates for Oyster Bayou while 
the lower panel presents sediment and rangia clam rates for Carencro Bayou. Error bars 
represent standard errors. Numbers over sediment + fauna rates indicate the percent of the 
total benthic O2  consumption (nutrient flux )accounted for by the fauna. Horizontal lines 
indicate the concentration of O2  (nutrient) in the overlying water on the initial day of the 
experiment.
Table 5.1. Results of repeated measures ANOVA of sediment vs sediment + fauna flux rates. Sediment + fauna rates were 
standardized at 2  g dry wt per core.
Season
0 2  NH4  







Summer *** -j- ns * ns ** ns *** ** ns *
6,6 % 10,10 9,9 8,8 6,6 8,8 9,9 8,8 6,7 9,10
Fall *** **★ * ns * ns ** ns ns ns
6,6 11,12 6,6 12,12 6,6 12,12 6,6 12,12 6,6 12,12
Winter ** *** ** *** ** *** ns ns ** ns
8,9 9,9 9,9 9,9 9,9 9,9 9.9 9,9 9,9 9,9
Spring *** +* *** * *** *** *** ns ** ns
9,9 9,9 9,9 9,9 9,9 9,9 9.9 9.9 9,9 9,9
t  *** p < 0.01, ** p < 0.05, * p < 0.10 
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Figure 5.2. Flux rates of NH4  for sediment and sediment + fauna treatments for both










minimal in the winter (1.6-fold or 39% of the total flux). This pattern paralleled that for 
O2 consumption. The infaunal rangia clam also increased benthic NH4 release. In 
contrast to the oyster, the increase above ambient sediment fluxes was most pronounced 
in the winter (7.3-fold) and minimal in the fall (3.2-fold) (Fig. 5.2). This corresponds to 
the clam accounting for 8 6 % of the total NH4 flux in the summer and 69% in the fall.
This pattern did not parallel that for O2 consumption by the clam (cf. Figs. 1,2). 
Ammonium release by the clam in summer resulted in a change in the direction of flux 
from the sediment, from sediment uptake to sediment + fauna release (Fig. 5.2).
Sediment + clam rates were significantly greater than ambient sediment rates in winter and 
spring (Table 5.1). Standardized values for the clam treatment were significantly 
different from ambient sediment rates in winter and spring. During summer and fall, 
rates for the sediment + fauna treatment were higher but between core variation (clam 
size) minimized the ability to demonstrate statistical differences (Table 5.1).
Both species of benthic macrofauna increased the release of PO4 by the sediment 
or caused a change in the direction of flux to sediment release in all seasons (Fig. 5.3). 
The release of PO4 caused by the fauna or fauna-associated activity resulted in a change in 
the direction of sediment flux in the fall and spring in the lower bay and during the 
summer in the upper bay. Minimal faunal contributions to total benthic flux were 58% 
for the oyster community in the winter and 69% for the clam in fall. For the oyster, 
increases above ambient sediment flux were significantly different in all seasons (Table
5.1). For the infaunal clam, these increases were statistically significant during winter 
and spring (Table 5.1), though the trend was the same for all seasons. The lack of 
statistical significance in summer and fall paralleled results for O2 consumption and NH4 
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Figure 5.3. Flux rates of PO^ for sediment and sediment + fauna treatments for both
stations in Fourleague Bay. Plot format and details are identical to those 
for Figure 5.1
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patterns of NH4 release and O2 consumption for the oyster community but not for the 
infaunal clam (c/. Figs. 1, 2, 3).
Epifaunal and infaunal suspension feeding species had contrasting effects on the 
flux of NO3 and NO2 from the sediment, and these effects varied with season. The 
presence of oysters significantly increased benthic release of NO3 in the spring and 
summer (Fig. 5.4, Table 5.1). This effect was more pronounced in summer than spring 
when oysters accounted for 93% (compared to 46%) of the total release. In the winter, 
sediment uptake was approximately halved in oyster microcosms, while in the fall, NO3 
uptake was significantly increased (approximately 200-fold) (Fig. 5.4). Between core 
variation (see Discussion) accounted for the lack of a statistically significant effect in 
winter (Table 5.1). These results indicated that the oyster community dominated the 
benthic flux pattern of NO3 in summer and fall when > 90% of the total benthic flux 
could be accounted for by the oyster community (Fig. 5.4).
The increased NO3 flux in the spring and summer may be due to direct 
nitrification by the oysters themselves or to individuals stimulating nitrification in the 
surrounding sediment. This hypothesis is only partly corroborated by the NO2 flux data. 
An enhanced release of NO2 was observed in spring but not in summer. The oyster 
community had no significant effect on NO2 flux in the summer (Table 5.1). The 
decrease in sediment uptake of NO3 in the winter caused by the oyster community may 
also be due to the production of NO3 by the oyster community or may simply be due to 
physical blockage of diffusive uptake by the epifaunal clumps. The significantly 
increased NO2 flux (Table 5.1)would argue for the former hypothesis. The enhanced 
uptake of NO3 in the fall caused by the oyster community is accompanied by enhanced 
NO2 release (Fig. 5.4). The absence of statistical significance (Table 5.1) is again due to 
between core variation (see Discussion). This combination of results in conjunction with
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Figure 5.4. Flux rates of NO^ and NC^ for sediment and sediment + fauna treatments for both stations in 




















the high temperatures during this period argue for oyster (community) enhanced 
denitrification.
In contrast to oysters, Rangia cuneata had no significant effect on the flux of NO3 
or NO2 from the sediment except during summer (Fig. 5.4, Table 5.1). During the 
summer, the infaunal clam significantly increased benthic uptake of NO3 and benthic 
release of NO2 (Table 5.1). This additional release accounted for only 40% of the total 
benthic flux of NO3, but 97% of the total flux for NO2. These results suggest a slight 
stimulation of benthic denitrification by the presence of the clams during the summer.
Functional group differences on benthic oxygen consumption and nutrient flux 
Respiration
Species-specific weight-specific (dry body wt) respiration rates were of similar 
magnitude and differed between species only during the fall (Table 5.2). Maximum rates 
were recorded for the oyster in fall; maximum rates occurred for the infaunal clam in 
summer (Table 5.2). Rates were minimal in the winter for both species and were not 
significantly different (Table 5.2). Spring rates were also not significantly different 
between species (Table 5.2).
Significant differences in seasonal rates (which varied approximately 30-fold) 
were noted for the oyster but not for the infaunal clam. Spring and summer oyster 
respiration rates did not differ; all other comparisons were significantly different (Table
5.2). Respiration rates varied less dramatically with season for the infaunal clam 
(approximately 8 -fold); winter rates were significantly lower than rates in all other 
seasons which were not significantly different (Table 5.2).
The presence of a significant core effect in the previous analyses indicated that 
between-core var iation was significant. For the rangia clam, this translates into a
Table 5.2. Mean weight-specific rates of oxygen consumption and nutrient release for Crassostrea and Rangia. Letters 
indicate statistical differences among seasons (among species) while ‘Species Effect’ indicates between 
species (among seasons) statistical differences. Statistical analyses for each analyte were performed 
using a repeated measures design and Scheffe’s or Games-Howell range tests (see text).
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significant size effect as one individual was typically used per core. For the oyster 
community, this effect is not as clear, as more than one individual, in addition to 
encrusting autotrophic and heterotrophic species occurred in each clump. Thus, the 
relationship between rate and bivalve weight was investigated using weight-rate 
regressions. For respiration, these regressions indicated that most of the variability in 
respiration rates was attributable to size differences among individuals used in the 
microcosms. Significant relationships were noted for all seasons for Rangia cuneata but 
only during the spring for the oyster (Table 5.3). Higher weight-specific rates were 
observed for smaller organisms, although this pattern is not significant for the oyster due 
to the inclusion of epibiota on oyster shells in the microcosms. Weight-rate metabolic 
relationships are of the form: Rate = a (Weight)^ (Prosser 1973). Values of these 
coefficients for significant regressions are presented in Table 5.3.
Nutrients
Results indicated that species differed in the magnitude and the seasonal variability 
of weight-specific NH4 release rates. On a per g dry weight basis, rates were greater for 
Rangia than for the oyster in all seasons except fall (Table 5.2). These differences were 
significant during the winter and spring but not during the summer and fall due to 
significant between core variation (Table 5.2).
Weight-specific rates varied more dramatically with season for the oyster than for 
Rangia (Table 5.2). Ammonium release rates for the oyster were significantly greater in 
the fall than in all other seasons (Table 5.2). In contrast, rates for Rangia varied only 2- 
fold over the seasonal cycle and were not significantly different across season (Table
5.2).
Significant differences between cores were again noted for both species indicating 
the importance of individual size in determining rates. Bivalves are amnotelic organisms
Table 5.3. Statistical results for weight - rate regressions, including r̂  and values for coefficients in a 
power relationship of the form: Rate = a (weight) .̂
0 2  NH4 PO4 NO3 NO2
Season Crassostrea Rangia Crassostrea Rangia Crassostrea Rangia Crassostrea Rangia Crassostrea Rangia
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and were therefore expected to increase benthic release of NH4 strictly due to their 
excretory activity. However, weight-specific NH4 release rates also include the potential 
increased flux due to stimulation of benthic remineralization processes. Weight-rate 
regressions potentially allow the separation of these effects; specifically, a significant 
regression indicates that NH4 release reflects excretory activity. Weight-rate regressions 
were not significant in any season for the oyster again due to the inclusion of epibiota 
(Table 5.3). For the infaunal clam, regressions were only significant for the winter and 
summer experiments (Table 5.3). The V  and V  values for the weight-rate regression 
curves again exhibit marked variation (Table 5.3).
The patterns of weight-specific rates of PO4  release were similar in some respects 
to those of NH4 release (Table 5.2). The peak in PO4 release observed in the oyster 
microcosms in the fall corresponded to the peak in NH4 release and O2 consumption at 
this time. Rates of the oyster community and the Rangia population were statistically 
different at the 0.10 level in all but summer (Table 5.2), the latter result again being due to 
between core (size) variation. However, unlike the NH4  pattern, rates for Rangia were 
not always greater than oyster rates.
As was observed in the NH4 data, PO4 exchange rates varied more with season 
for the oyster (54-fold) than for the clam (3-fold). Fall rates for the oyster community 
were significantly higher than those during the remainder of the year, while no statistical 
differences between seasonal rates were noted for the clam (Table 5.2). It is of interest to 
note that the pattern for the oyster community did not exactly parallel that for NH4; the 
lowest rate of exchange occurred in the summer for PO4 but in the winter for NH4 and 
O2. This is suggestive of some PO4 exchange within the oyster clump or between the 
clump and underlying sediment. This hypothesis is supported by the probable existence 
of a PO4 sediment buffering system in Fourleague Bay (Chapter 4).
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Between-core variability (bivalve size effects) contributed significantly to the 
observed rate differences for both species. Significant weight-rate regressions were 
noted for the oyster community in spring and for the infaunal clam in winter and summer 
(Table 5.3). Results for the infaunal clam parallel those of NH4 release and again indicate 
the possible stimulation of sediment processes during the spring and fall.
Nitrate and nitrite are not metabolic byproducts and may therefore more directly 
indicate the relative influence of oyster and clam activity on benthic processes.
Significant differences between species weight-specific rates of NO3 flux were noted for 
all seasons (Table 5.3). Rates indicate that the oyster community was generally a source 
of NO3 except during the fall, while the clam population served as a NO3 sink. In 
contrast to O2, NH4 , and PO4 rates, between core differences (size effect) were a 
significant source of variation only during the spring (Table 5.2).
Species weight-specific rates for NO2 flux were significantly different during fall 
and spring when rates for the infaunal clam were significantly lower (Table 5.2). The 
lack of statistical differences between oyster and clam NO2 flux rates in summer and 
winter was real; no significant size effects were noted (Table 5.2), reinforcing the 
independence of NO2 exchange and bivalve metabolism.
Significant differences in weight-specific rates for the oyster were noted; fall rates 
were different from those in the summer, while winter and spring rates fell in between 
(Table 5.2). Summer NO2 release rates were significantly lower than those during the 
remainder of the year (Table 5.2). Weight-rate regressions indicated no significant 
relationships for the oyster community for either NO3 or NO2 flux except during the 
spring (Table 5.3). This combination of results will be discussed below in conjunction 
with a discussion of stoichiometric ratios.
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Nitrate uptake rates by the infaunal clam in the summer were significantly greater 
than those during the remainder of the year (Table 5.2). No significant seasonal 
differences were noted for clam NO2 flux rates (Table 5.2). Interestingly, both NO3 and 
NO2 weight-rate regressions for the clam indicated significant relationships for those 
seasons for which there were not significant relationships for NH4 and PO4 flux. These 
relationships may be an artifact since fluxes were not significantly different from zero in 3 
of the 4 instances (Table 5.2).
Discussion
Approach
The unconventional approach used in this study was chosen as it best suited the 
desired objective, the determination of the faunal contribution to benthic-pelagic coupling. 
There have been a variety of approaches used to assess the functional importance of 
benthic fauna. Indirect evaluations of faunal contributions have used physiological rate 
measurements on isolated individuals, typically conducted in the laboratory, in 
conjunction with scaling (Cloem 1982, Officer et al. 1982, Lauritsen and Mozley 1989). 
This approach is beset by a number of difficulties including artificial laboratory 
conditions, novel food sources, starvation levels, batch conditions, and no substrate, but 
the most critical appears to be non-conservative behavior, i.e. the lack of agreement 
between measured fluxes and scaled physiological rates (Murphy and Kremer 1985, 
Andersen and Kristensen 1988, Boucher and Boucher-Rodoni 1988, Dame and Dankers 
1988, Dame et al. 1989). This lack of agreement is due to the many interactions between 
components of the sediment-faunal complex which are not included in a scaling approach. 
Interestingly, errors in these estimations seem to be more marked for some faunal species 
than for others and for some analytes more than others. For example, NH4 flux appears
to be more severely underestimated than O2 consumption (Murphy and Kremer 1985, 
Boucher and Boucher-Rodoni 1988), perhaps due to the presence of autotrophic and 
heterotrophic components or to a combination of aerobic and anaerobic metabolism. In 
this study, significant weight - rate regressions were observed for Rangia but not for the 
oyster community. This suggests that individual rates for Rangia may be scaled to the 
population level without introducing substantial error.
Direct measurements of macrofaunal effects have also been made using a variety 
of approaches which can be designated; 1) upstream - downstream, 2 ) correlational, and 
3) manipulative approaches. The upstream - downstream approach is perhaps best 
exemplified by the work of Dame (Dame 1976, Dame et al. 1984, Dame et al. 1985, 
Dame and Dankers 1988) in the study of intertidal oyster reefs in North Inlet, a marsh - 
estuarine system in South Carolina. In this approach, a section of the faunal community 
is isolated with a flume or similar structure, and differences in parameters of interest are 
measured at ends of the flume; rates are determined relative to water movement For 
logistical and statistical reasons, this approach works best with dense assemblages of 
intertidal species. Correlational experiments (Nixon et al. 1976, Murphy and Kremer 
1985, Yamamuro and Koike 1993) have been the most common approach to the study of 
faunal effects on benthic processes for less well defined and less logistically tractable 
populations. However, the non-manipulative or correlational approach is subject to the 
problems associated with all correlational studies, that is cause and effect are not always 
clearly identified. The correlational approach has been replaced in many disciplines of 
ecology with a manipulative approach (Hairston 1989); this is true of functional benthic 
ecology as well. Studies using the manipulative approach have employed a variety of 
methods to ascertain faunal function, including the MERL /  mesocosm study of Doering 
et al. (1987), and the in situ manipulations used by Boucher and Boucher-Rodoni (1988).
The manipulative approach and microcosm method used in this study offers 
several improvements over those discussed above. First, the use of a chemostatic system 
eliminates the changes which occur in experimental conditions due to the experimental 
procedure. This limitation is particularly severe for experiments involving animals. For 
example, the consumption of oxygen during an incubation by the organism reduces 
oxygen concentration. This reduced concentration may in turn cause a reduction in the 
metabolic rate of that organism. The limitation of the batch method has been recognized 
repeatedly in bivalve physiological studies (Galtsoff 1964, Morton 1971). The 
chemostatic nature of the microcosm system results in experimental conditions which are 
held relatively constant during an incubation, thus eliminating the potential occurrence of 
these feedback effects.
One additional benefit resulting from the use of a chemostatic system is the 
possibility of longer incubations than when using batch methodology. The duration of 
batch incubations are limited by the aforementioned feedback mechanisms and are 
consequently typically short As most fauna have normal periods of activity /  inactivity 
(Galtsoff 1964, Epifanio and Ewart 1977, Palmer 1980), longer incubations integrate 
over these periods and result in essentially a time averaged rate for the process being 
measured. When attempting to determine the importance of benthic fauna in higher-level 
processes, it is important to incorporate this natural variation. Many investigators Morton 
1971, Hartwell et al. 1991) have stressed the importance of determining rates over 
relatively long periods of time as a wide variety of environmental factors (dissolved 
organics, current speed, food concentration, tidal stage, particle quality, and retention 
efficiency) have been shown to influence physiological rates. Thus, the integrative nature 
of longer incubations represent a second advantage of this approach.
A third advantage of this approach is the maintenance of the natural relationship 
between an organism and its habitat Physiological rates have traditionally been
determined by isolating the organism from its environment, with the assumption that 
these rates adequately reflect in situ rates. While natural activity patterns of sessile 
epifauna such as oysters may not be disrupted by this methodology, this assumption is 
harder to accept for active epifauna or sediment dwelling infaunal organisms. Regnault 
(1986) has shown that a decreased excretion rate results for epibenthic shrimps as a result 
of decreased locomotory activity when a substrate is available. Rristensen (1988) has 
stated that ventilation patterns of infaunal organisms are disrupted when they are removed 
from the sediment This approach maintains the natural association between the animal 
and its substrate and measured rates are more likely to represent the organism’s in situ 
rates.
The approach used in this study was to isolate the faunal effect by subtraction. 
This method introduces additional variability due to variation between ‘replicate’ sediment 
cores, making the statistical detection of differences between treatments and seasons more 
difficult. However, for the objectives of this study, that is the determination of the role of 
macrofauna in benthic metabolism, it is necessary to incorporate individual variation and 
span time scales. This gain in realism offsets these imposed difficulties.
It is important to note that this approach does not directly allow the separation of 
the direct effects, i.e. those due to metabolic processes, from indirect effects, those due to 
stimulation of benthic regeneration, of benthic fauna on benthic exchange rates.
However, this statement is true for all of the above direct approaches, correlational, 
manipulative, and upstream - downstream. For the purposes of this study, and more 
generally when evaluating the role of the benthos in benthic pelagic coupling, the 
distinction is irrelevant. Additionally, it is well recognized that respiration or excretion 
rates added to sediment exchange rates, determined separately, rarely equal those 
determined for the intact sediment-faunal complex (Murphy and Kremer 1985, Andersen
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and Rristensen 1988, Boucher and Boucher-Rodoni 1988, Dame and Dankers 1988, 
Dame et al. 1989).
The nature o f variation in a manipulative / microcosm approach
Physiological and benthic flux studies are both characterized by a great deal of 
experimental variation. The former is due to natural variation among individuals while 
the latter results from small-scale heterogeneity in relevant sediment parameters. Sma and 
Baggaley (1976) found that for Mercenaria mercenaria. excretion rates determined on the 
same individual can vary as much as 30% over periods of a few weeks. High levels of 
variability among replicate sediment cores has been noted (Gallepp 1979, Nixon et al. 
1980, Fisher et al. 1982, Kelderman 1984) and has become accepted as inherent in the 
study of any natural sediment system. The approach used in this study encompasses both 
types of variation. Statistical analyses indicated that cores, which were intended to 
function as replicates, were often a significant source of variation in the reported flux 
rates. This result can be attributed to: 1) individuals of different sizes used in each core 
indicating the expected weight dependency of the measured metabolic processes, and 2 ) 
individual variation in physiological state and activity patterns. A significant relationship 
between weight and rate indicated the former. This observed weight dependency of flux 
rates was stronger for the clam than the oyster community. This result was due to the 
inclusion of epibiota on the oyster clumps was well as the multiple individuals used per 
core in the oyster microcosms. Clam microcosms typically contained only one 
individual. The observation that ‘core’ was not a significant source of variation in the 
exchange rates of NO3 and NO2, which are not metabolic byproducts, supports this 
interpretation.
The lack of a significant weight-rate relationship reflected individual variation in 
activity levels in addition to potential ‘indirect’ (see Approach) effects on benthic
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processes. The latter can be separated from the former by the variation in rates with time. 
In these cases, there is usually one of the replicate microcosms in which the bivalve does 
not filter during part of one time segment of the incubation. Rates for this replicate were 
consequently very different from remaining microcosms at that sampling and resulted in a 
significant time effect. As the bivalves were open during other periods of the incubation, 
this variation was not considered to be an experimental artifact and was interpreted as 
reflecting natural periodicity in bivalve metabolic activities. Data reflecting entire 
incubations during which the bivalve never opened were considered to be experimental 
artifacts and were excluded from analysis.
Physiological responses
The similarity of respiration and excretion rates of NH4 and PO4 measured for 
Crassostrea virginica in this study and those reported in the literature suggest that the 
approach used in this study is valid (Table 5.4). In an extensive monograph on oyster 
biology, Galtsoff (1964) estimates that for every 10-201 of water filtered, an ‘average’ 
adult oyster in non-spawning condition consumes 1 ml (1.43 mg) of O2, but adds that 
there is tremendous individual variability in filtering rates which can range from less than 
1 to 251 per hour. Ammonium is the dominant nitrogenous excretory product for oysters 
(Hammen et al. 1966, Hamrnen 1968, Boucher and Boucher-Rodoni 1988), although 
urea and amino acids are also released. The higher NH4 ‘excretion’ rates measured in 
this study may be explained by the inclusion of NH4 flux of oyster epibiota in this value 
and the experimental conditions. In situ rates measured by Boucher and Boucher-Rodoni 
(1988) are also high relative to laboratory determinations (Table 5.4). Hammen (1968) 
demonstrated that individual size, physiological state and environmental conditions can 
affect the rates and specific composition of nitrogen excreted.
Table 5.4. Comparison of published respiration and excretion rates for oysters of the genus Crassostrea.
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Crassostrea virginica 3-4 * adult, room temp Galtsoff 1964
5* adult Collier 1959
0.58-2.21 yearling oysters Hartwell et al. 1991
1.41 5.54 Gale et al. 1991
0.43 Hammen 1969
1.56-2.19 lab, spring Hammen et al. 1966
0.298-0.978 lab, summer Hammen 1968
0.03-1.2 lab, 20° C Sma and Baggaley 1976
2 0 * basal rates Pomeroy and Haskin 1954
0.10-3.29 9.21-349.21 0.81-44.09 field, 11°-28° C this study
£ . giga§ 0.71-0.86 8-9 8-15° C Shpigel et al. 1992
2.00-2.14 16-17 30° C tt
0.67 -1.30 39.6-162.0 field, 14-18° C Boucher and Boucher-Rodoni 1988
0.08 - 0.26 6.7-29.0 field, 6-10° C "
* per individual
In this study, weight-specific metabolic rates were dramatically elevated in the fall 
(Table 5.2). This response seems associated with the physiology of the oyster as it was 
observed only for metabolites (O2, NH4, PO4) and not for NO3 or NO2. There are 
several possible explanations for this peak in metabolic rates. Although temperatures 
were high at the time of this experiment, they were not different from summer 
temperatures (26° vs 28° C); thermal stress can therefore be eliminated as a potential 
explanation. A regression of dry weight to ash-free dry weight was performed to 
investigate the role of oyster condition in explaining these rates. The regressions were 
significant for all seasons (p < 0.05; r2 > 0.99), but indicated a marked difference in 
oyster condition only in winter. Predicted ash-free dry weights for a 1 g dry wt oyster 
were 0.83 g, summer; 0.89 g, fall; 0.41 g, winter, and 0.85 g, spring. The oyster 
population in Fourleague Bay has two major spatfalls; these occur in the spring and fall. 
High metabolic rates have been associated with oyster spawning (Galtsoff 1964), but 
high rates were not observed in the spring experiment. The low predicted AFDW for 
oysters in winter indicates poor oyster condition and may reflect spawned out individuals. 
Fall is also the period of maximum parasite (Perkinsus marinus~) invasion due to high 
temperatures and low salinity (T. Soniat, pers. comm.). There have been very few  
studies which have addressed physiological responses to parasite invasion (Newell and 
Barber 1988). For suspension feeding bivalves, reductions in clearance rates of 
parasitized individuals have been observed (Bayne et al. 1979, Progenzer 1979, Newell 
1985), but were not accompanied by increases in oxygen consumption (Newell 1985). 
However, parasitism may cause a shift in nitrogen metabolism which was not detected in 
these experiments. Several researchers have noted changes in digestive processes in 
parasitized individuals (see review by Lauckner 1983). However, weight-specific 
0 2 :NH4 ratios were not dramatically different in the fall (Table 5.5) nor did the dry
Table 5.5. Weight specific NH4 : PO4  and 0 2 :  NH4  ratios.
; Summer Fall Winter Spring
Lower Bay /  
Crassostrea
NH4:P04 85 8 4 3
02:NH4 14 12 16 82
Upper Bay /  
Rangia
NH4-.P04 15 10 10 28
(>2 :NH4 16 15 4 12
weight - AFDW regression demonstrate significant differences between oyster tissue 
condition in the fall and other seasons. Gale at al. (1991) found no significant 
relationship between dry weight and NH4 excretion in control and individuals parasitized 
by the ectoparasite Boonea impressa. a result they attributed to both the limited size range 
of individuals used in their experiments and to alternative paths of nitrogen excretion 
(amino acids and urea). Boucher and Boucher-Rodoni (1988), working with the Pacific 
oyster, Crassostrea gigas, observed seasonal differences in the composition of nitrogen 
excreted; urea production peaked in the spring and summer, and was correlated with low 
dry weight and condition index. In the experiments of this study, the fall peak in NH4 
release was accompanied by a change in NO3 flux. During the remainder of the year, 
NO3 was released by the oyster community, but in the fall, NO3 uptake was significantly 
enhanced in the presence of the oyster. These results are suggestive of a possible switch 
in nitrogen metabolism by individual oysters, but these explanations remain inconclusive 
without additional study.
There are very few published physiological rates for Rangia cuneata available for 
comparison (LaSalle and de la Cruz 1985). The only reported oxygen consumption rates 
for this species are lower than those measured in this study which ranged from 3 to 30 
mg g-i dry wt d-i. Beyers and Warwick (1968) reported consumption rates of 1.46 to 
3.38 mg g-i dry wt d-* for 2 small individuals (41,46 mm shell length) under laboratory 
conditions using a Warburg respirometer. Hartwell et al. 1991 reported rates of 0.67 to 
6.02 mg g-i dry wt d-i at approximately 20° C. These were determined in a laboratory 
setting using batch incubations, no substrate, and at a salinity of 0  %o, so it is not 
surprising that they are different from those reported here. Unlike the results from this 
study, Hartwell et al. (1991) found O2 consumption rates to be an order of magnitude 
lower for Rangia than for oysters. This discrepancy probably reflects the difference
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between in situ and laboratory rate determinations, but may be due in part to indirect 
effects, i.e. the stimulation of sediment oxygen consumption caused by Rangia clams. 
There have been no NH4 or PO4 excretion rates reported for Rangia cuneata which would 
potentially allow the discrimination of these alternative hypotheses.
The infaunal clam’s effect on benthic NH4 and PO4 flux did not parallel its effect 
on sediment oxygen consumption. These results suggest a decoupling of strict metabolic 
relationships. Weight-specific NH4 flux rates were higher than expected during winter 
while weight-specific PO4 flux rates were lower than expected during spring. High NH4 
flux and consequently low weight-specific C^NfLj ratios (Table 5.5) can result in a shift 
from carbohydrate to protein catabolism (Russell-Hunter 1978). The low predicted 
AFDW for Rangia. the index of bivalve condition used in this study, in the winter 
supports this hypothesis. Predicted AFDWs for a 1 g dry wt individual were 0.92 g, 
summer; 0.93 g, fall, 0.40 g, winter; and 0.90 g, spring. Protein catabolism in bivalves 
appears to be a common response to poor environmental conditions (Russell-Hunter 
1978), and may reflect the paucity of available food in winter.
The effect o f suspension feeding communities on benthic metabolism
The presence of benthic fauna resulted in quantitative and qualitative changes in 
the patterns of sediment oxygen consumption and benthic nutrient exchange in 
Fourleague Bay. Both suspension feeding communities increased the rates of sediment 
oxygen consumption, and of benthic NH4  and PO4 release. Phosphate release by both 
faunal communities frequently resulted in a change in the direction of benthic PO4 flux 
from sediment uptake to benthic release. The oyster community dramatically changed the 
ambient sediment pattern of NO3 /  NO2 flux, while the infaunal clam did not. The
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magnitude of these effects relative to the ambient sediment rates varied seasonally and 
with the specific faunal community.
Oyster community effects
Changes in sediment oxygen consumption were most marked for the oyster 
community during the fall and minimal during the winter. These changes paralleled those 
for ambient sediment respiration in the lower bay. Ammonium flux dominated the 
inorganic nitrogen exchange at the lower bay study site. This pattern was not changed by 
the presence of oysters. Increased NH4 flux rates were observed with the greatest 
magnitude of increase occurring during the fall. Somin et al. (1990) has also found that 
oysters significantly increase the seasonal differences in benthic flux of NH4. The peaks 
in weight-specific rates for O2 and NH4 were also observed for PO4 (see Physiological 
responses). This release of PO4 by the oyster community resulted in a change from 
sediment uptake to release during spring and fall. Qualitative and quantitative changes in 
NO3 flux were also caused by the oyster community. The oyster community was a 
source of NO3 during all but the fall period. This release of NO3 results in increased 
rates of release during the spring and summer, but decreased uptake rates during the 
winter. During the fall, the oyster community enhances sediment uptake of NO3 100- 
fold. Thus, the oyster community increases the rate of nutrient flux from the benthos, 
changes the specific composition of the nitrogenous flux, and magnifies the seasonality of 
the flux.
The qualitative and quantitative changes caused by the presence of an oyster 
community in this study are supported by similar published results. The magnitude of the 
seasonal changes observed in this study were similar to those observed by Bahr (1976) 
whose rates varied 8 -fold over a similar temperature range (9 to 31° C). Boucher and
Boucher-Rodoni (1985) noted that high NH4  water-column concentrations were related to 
the presence of oyster beds. Boucher and Boucher-Rodoni (1988) conducted a study 
very similar to this for the Pacific oyster, Crassostrea gigas. Although methodological 
differences exist, qualitatively similar results were obtained. Sediment respiration was 
increased by oysters, though in summer not to the extent predicted by the summation of 
individual and sediment rates. Weight-specific oyster respiration was highest in the late 
spring to summer with rates were similar to those for the lower temperatures in this study 
(Table 5.4); temperatures never exceeded 18° C at their study site on the northern coast of 
France. Ammonium was the primary endproduct of nitrogen metabolism and was 
excreted at higher rates in the spring and fall than in the winter (Table 5.4). Weight- 
specific oyster NO3 fluxes were low but suggested that oysters can enhance benthic 
nitrification rates, especially in winter. When oysters and sediment were coupled in 
incubations, decreased NO3 uptake and increased NO3 release were frequently observed. 
Boucher-Rodoni and Boucher (1990) observed no increase in NH4 release with 
increasing biomass and suggested that this loss was due to nitrification or coupled 
nitrification /  denitrification. The apparent production of NO3 by oysters has been noted 
by several other authors. In incubations designed to measure NH4 excretion rates of 
oysters, Sma and Baggaley (1976) observed decreasing NH4 concentrations 
accompanied by increasing NO3 and NO2 concentrations after a period of time. They 
found that this nitrification continued after cleaning and autoclaving of the oyster shells 
suggesting that nitrifying bacteria were associated with the internal environment of the 
oyster. Saijo and Mitamura (1971) identified nitrifying bacteria in the digestive tracts of 
oysters. Interestingly, Boucher and Boucher-Rodoni (1985) noted that NO3, P0 4 , and 
SiC>4 concentrations were not correlated to oyster presence but were regulated mainly by 
tidal flows. In this study, NO3 fluxes appeared to be controlled primarily by riverine
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input during the high discharge part of the hydrologic cycle and affected more by oysters 
during the summer and fall, periods of low discharge.
Oyster community effects on benthic stoichiometric ratios
The nature of the qualitative and quantitative changes that suspension feeding 
fauna have on benthic metabolism can also be seen in the stoichiometric ratios (Fig. 5.5, 
NH4 /  DIN:P0 4  and Table 5.6, (V.NHU/ DIN). In the lower bay oyster habitat,
NFLtrPQ* ratios for the sediment were greatest in the summer, suggesting possible P- 
limitation during this time; values less than the expected 16:1 ratio during other seasons 
indicate the potential for N-limitation of primary production. During the summer, the 
release of PO4 by the oyster community resulted in a decrease in the NH4:P0 4  ratio (Fig.
5.5). The release of PO4 by the oyster community in other seasons resulted in net 
benthic release and a change from a negative to a positive NH4 :PC>4 ratio (Fig. 5.5). 
These results suggest that oysters may ameliorate potential PO4 limitation. However, the 
significance of NH4 :P0 4  ratios of benthic flux for ascertaining nutrient limitation is 
uncertain due to the presence of a sediment buffering system for PO4 in Fourleague Bay 
(Chapter 4). There were no striking differences between the sediment + fauna NH4 :P0 4  
and DIN:P0 4  ratios. Differences in these ratios for the sediment in the winter were due to 
sediment uptake of NO3 (Fig. 5.4) believed to be caused by high overlying water-column 
concentrations (Chapter 4). Dame et al. (1991) reported a DIN:P0 4  ratio of 37.5 for an 
oyster reef in the North Inlet system of South Carolina.
C>2:NH4 ratios fell within the expected range (13-17) during all but spring (Table
5.6). Additionally, sediment and sediment + oyster C>2:NH4 ratios were very similar 
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Figure 5.5. NH  ̂: PO  ̂ratios for the sediment and sediment + fauna treatments in 
the lower (upper panel) and the upper (lower panel) bay. The 
parenthetical values represent DIN : PO  ̂ratios. The horizontal line 
in each plot indicates the expected 16:1 Redfield ratio.
Table 5.6. 0 2  : NH4  and O2 : DIN ratios for sediment and sediment + fauna treatments.
; Summer Fall Winter Spring
Lower Bay / 0 2 :NH4
J
Sediment 14 13 13 62
Crassostrea
Sediment + fauna 14 14 15. 75
ODDEST Sediment 14 13 62 34
Sediment + fauna 13 14 17 50
Upper Bay / 02:NH4 Sediment ~ t 24 24 17
Rangia
Sediment + fauna 24 18 7 13
02:DIN
Sediment - t 24 18 14
Sediment + fauna 49 18 7 13
t  Ratio was not calculated due to sediment uptake of NH4 .
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slightly higher C r̂NFLt ratio for the faunal treatment suggests additional stimulation of 
sediment nitrification by the oyster community. The decrease in value observed for the 
corresponding 0 2 :DIN ratio corroborate this result The decrease in Q2:DEN ratio 
observed for the sediment + fauna treatment in winter is due to decreased NO3 uptake in 
the presence of oysters and not to NH4 flux changes.
The discrepancies between the sediment+fauna ratios and the weight-specific 
ratios for the oyster community (Table 5.5) reflect the contribution of the unmeasured 
biomass, specifically, the members of the epibiota present on the oyster clumps. During 
the summer, the weight-specific NH4 :P0 4  ratio is greater than that of the sediment + 
fauna. As the weight-rate regression is significant for NH4 but not for PO4 , this is most 
likely due to PO4 uptake by the epibiota on the oyster shells. In contrast, during the fall, 
the weight-specific ratio is less than that for the sediment + fauna. It is not possible with 
the available data to identify the cause of this change. Neither weight-rate regression is 
significant. The decrease in ratio may result from either increased PO4 release or 
decreased NH4 release. The former may result from additional dissimilatory processes in 
the oyster community while the latter may reflect enhanced denitrification.
Rangia population effects
Changes in benthic metabolism caused by the clam were primarily quantitative in 
nature. Rangia increased overall rates of sediment oxygen consumption with patterns 
paralleling those for ambient sediment The greatest increases occurred during the 
summer, although increases only ranged from 2 to 4-fold over the year. The magnitude 
of seasonal variation was similar for all metabolites, i.e. O2 , NH4 , and PO4 , and 
suggests that this infaunal species, unlike the oyster, does not markedly enhance 
seasonality. This range of seasonal variation is similar to that expected for biological
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processes (Nixon et al. 1976, Klump and Martens 1983). The infaunal clam’s effect on 
benthic NH4 and PO4 regeneration did not parallel its effect on benthic oxygen 
consumption. Evidence discussed above suggest that this result is due to a physiological 
response by the clam and not due to interactions between the clam and the sedimentary 
matrix. During the summer, the release of NH4 and PO4 by the clam resulted in a change 
in the direction of flux, from that of sediment uptake to sediment release. The infaunal 
rangia clam does not appear to dramatically affect the benthic flux of NO3 or NO2, 
although there was some indication of a slight stimulation of denitrification rates in 
summer.
There have been no prior studies of the effects of Rangia beds on benthic 
processes. However, there have been a few studies on the effects of Mercenaria 
mercenaria. an ecologically similar infaunal suspension feeding bivalve. Doering et al. 
(1987) reported that benthic oxygen consumption was 20% higher and DIN flux 57% 
higher in MERL tanks which included individual Mercenaria. Changes in the DIN flux 
were primarily due to changes in NH4 flux rates; rates were 158 (without) vs 248 (with 
clams) pg-at m-2 h-f Given the differences in the annual temperature regime, these rates 
are comparable to those reported in this study for Rangia. They also noted that clams did 
not affect PO4 flux. Nixon et al. (1980) and Murphy and Kremer (1985) also noted that 
the presence of Mercenaria had no effect on PO4 flux and attributed this to adsorption of 
excreted PO4 by sediment particles. Murphy and Kremer (1985) studied the effects of 
Mercenaria on benthic processes in a shallow coastal lagoon in California. Their system 
is perhaps more similar to Fourleague Bay than the MERL tanks /  Narragansett Bay 
system due to temperature regime (12-26° C), water depth (3 m), and ambient flux 
patterns. Mercenaria increased benthic oxygen consumption and benthic NH4 release in 
this system, their effects representing 59% and 67% of the total benthic flux,
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respectively. As for Rangia in this study, they observed no effect of Mercenaria on NO3 
or NO2 fluxes.
Rangia population effects on benthic stoichiometric ratios
In the upper bay, sediment and sediment + clam NH^PCU ratios were less than 
the expected value of 16 (Redfield et al. 1963) during all but spring (Fig. 5.5), when PO4 
fluxes were lower than expected (Fig. 5.3). The release of NH4 and PO4 by the infaunal 
clam resulted in a positive ratio for the faunal treatment during the summer. The decrease 
in NH4 :PC>4 ratio during the spring was again due to PO4 release by the clam. These 
results suggest possible amelioration of N-limitation during the summer and P-limitation 
in the spring. Again, however, this hypothesis must be viewed in light of an active PO4 
buffering system in Fourleague Bay (Chapter 4). The increase in NH4 :P0 4  ratio during 
the winter was due to higher NH4 releases than expected. The weight-specific NH4 .PO4 
ratio (Table 5.5) during winter was lower than the sediment + clam treatment, indicating 
that the effect was associated with the metabolism of the clam (see Physiological 
responses). No appreciable differences in the NH4 :P0 4  vs DIN:P0 4  ratios were noted 
which were related to the presence of the clam.
Unlike the lower bay, 0 2 :NH4  ratios for ambient sediment were generally greater 
than expected values (Table 5.6). Deviations from expected values of 13-17:1 could be 
due to transformations of nitrogen (nitrification / denitrification) or to the burial of N, 
relative to C and P. Flux data would suggest the former are important during the summer 
and fall, while the latter may be causing the high value during winter. 0 2 :NH4 ratios for 
the sediment + clam treatment were generally lower than those for the sediment alone. A  
decrease in ratio could result from a relative decrease in O2 consumption or increase in 
NH4 release. The latter hypothesis is supported by the weight -rate regressions and may
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reflect NH4 release from the remineralization of biodeposits, i.e. pseudofecal or fecal 
material. The dramatic difference observed in winter was due to a higher NH4 release 
than expected and probably reflects protein catabolism by the clam (see Physiological 
responses). It does not result from O2 limitation in the microcosms as concentrations do 
not change appreciably from ambient concentrations in a chemostatic system. 0 2 :DIN 
ratios were different from C>2:NH4 ratios only during summer (Table 5.6). This change 
results from NO3 uptake during this experiment which was due to high overlying water- 
column concentrations resulting from an unexpectedly late peak in riverine discharge 
(USGS 1991).
Functional role o f macrofauna in benthic-pelagic coupling
The study of the role of macrofauna in benthic-pelagic coupling has been 
approached from many perspectives and there is a tremendous amount of variation in the 
results obtained. Some of this variation appears to be related to the type of faunal 
community under study. For example, studies which have focused on dense beds of 
suspension feeding bivalves tend to conclude that benthic fauna can have a significant 
effect on benthic-pelagic coupling. Similarly, research involving bioturbating fauna have 
generally concluded that fauna can substantially influence benthic processes. In contrast, 
the few studies which have focused on deeper-living infaunal species have generally 
demonstrated the lack of a substantial effect Thus, there appears to be a relationship 
between the lifestyle of an organism, that is its functional role, and its role in benthic- 
pelagic coupling. The functional group approach may provide a useful conceptual 
framework for the understanding of faunal contributions to benthic function. However, it 
is apparent from the results of this study that it is necessary to go beyond simplistic 
descriptions of functional roles. The presence of an infaunal animal does not necessarily
alter the sediment matrix and result in changes in benthic processes. The feeding activity 
of Rangia and other infaunal bivalves such as Mercenaria do not appear to ventilate or 
bioturbate the sediment These clams are relatively sedentary and siphons are located at 
or above the sediment-water interface. Thus, clam related effects appear to be limited to 
their contributions from excretory products and the production of pseudofeces.
Similarly, Yamada and Kayama (1987) noted that the primary contribution of the 
burrowing bivalve, Theora lata, was through NH4 excretion and not via bioturbation of 
the sediments. The motility of an organism is thus an important determinant of its effect 
on sediment processes. It is therefore necessary to go beyond a strict trophic group 
delineation when defining functional groupings of benthic fauna for predicting effects on 
sediment-water exchanges.
In order the determine the degree to which benthic fauna are important in higher 
order processes, it is important to evaluate their contributions relative to other nutrient 
sources and sinks. Thus, even the production of metabolites may represent a significant 
method of nutrient recycling in some environments. When rates of NH4 release by 
Mercenaria were extrapolated to mean density for the lagoon system, the contribution of 
bivalves represented 6 8 % of the total benthic O2 consumption and 78% of the NH4 
benthic release (Murphy and Kremer 1985). This release could support 15 to 60% of the 
NH4 required for primary production rates of 1 to 4 g C m-2 d-1 in this lagoon system. In 
the same manner that the sediment can serve as a nutrient reservoir through deposition 
and delayed remineralization (Kemp and Boynton 1984, Rudnick and Oviatt 1986, 
Hargrave 1978), the presence of a benthic fauna may serve as a nutrient source during 
times when other sources are negligible. In this study, the peak in NH4  production by 
oysters occurs at a time of minimum riverine input but maximum production. Peaks in 
primary productivity in Fourleague Bay occur in this late summer, early fall period.
Rates can approach 2.5 g C m-2 d-i (Randall and Day 1987). Using the weight-specific 
rates in this study, oysters can supply all of the N required to support this production at a 
biomass of 78 g m-2. Biomass reported by Melangon (unpub. man.) for lower 
Fourleague Bay averaged 150 g m-2. Thus, the excretion of N by the oysters is of 
sufficient magnitude to support the high levels of productivity observed in Fourleague 
Bay in the late summer when other nutrient sources are minimal.
Chapter 6:
The Effect of Two Suspension Feeding Species on 




There has been an increasing realization that benthic macrofauna can have 
significant effects on the environment in which they live. A large body of research on 
animal - sediment relations has demonstrated the considerable effects of infauna on rates 
of benthic nutrient exchange (see review by Kristensen 1988) and sediment 
characteristics (see reviews by Rhoads 1974, Aller 1982, Rhoads and Boyer 1982). 
Suspension feeding macrobenthos can also alter water-column characteristics by their 
filtering activities. Suspension feeding communities have been shown to significantly 
reduce water-column turbidity (Verwey 1952), phytoplankton concentrations (Wright et 
al. 1982, Carlson et al. 1984, Cohen et al. 1984, Nichols 1985), and to cause changes in 
zooplankton community composition (Horsted et al. 1988, Sullivan et al. 1991). The 
removal capacity of suspension feeding bivalves can be so marked that the use of 
suspension feeders as eutrophication controls has been suggested by numerous authors 
(Richter 1986, Reeders et al. 1989, Cloem 1982, Officer et al. 1982, Nichols 1985, Hily 
1991). The majority of the studies on benthic-pelagic coupling have addressed 
macrofaunal effects from only one of these two perspectives. To date there have been 
few attempts to investigate the effects of benthic fauna on both the water-column and 
benthic environments in a synoptic time frame.
The predominance of studies focusing on only one of these two potential 
directions of faunal effects may be traced to the prevalence of the functional group 
concept in recent benthic ecology. In attempts to reduce the taxonomic complexity 
characteristic of most benthic communities, benthic ecologists have categorized species in 
groups which are believed to function in similar ways in their environment, i.e. functional 
groups. Thus, studies have focused on the functional role of these species groups in 
preference to other means of species description and have tended to, for example, force 
an emphasis on the removal of particulate material by suspension feeders or the alteration
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of sediment processes by deposit feeders. While the utility of the functional group 
approach in explaining patterns of benthic community composition has been vigorously 
debated in the literature (see reviews by Jumars and Nowell 1984; Posey 1990), the 
functional group approach may provide an effective conceptual framework for the 
understanding of the effects of benthic fauna on processes in their surrounding 
environment
The objective of this study was to compare the effects of an epifaunal and an 
infaunal suspension feeder on processes which result in benthic - pelagic coupling (e.g. 
the removal of particulate material and sediment -water exchange rates). An experimental 
continuous-flow microcosm system (Chapter 2) was used to isolate suspension feeder 
effects. This methodology offers several advantages over traditional approaches in which 
an individual, isolated from its environment, is incubated in a static body of water (batch) 
under relatively artificial environmental conditions for short periods of time. A 
continuous-flow system allows long-term incubations with little or no change in 
environmental conditions: feedback effects, i.e. changes in metabolic rates due to 
changing environmental conditions, are eliminated or minimized by adjustment of the rate 
of flow into the microcosm. Limitations of the batch method for bivalve physiological 
studies due to the presence of feedback effects have been repeatedly discussed in the 
literature (Galtsoff 1964, Morton 1971, Bayne 1976). Secondly, rates measured over 
long periods of time incorporate diel or arrhythmic periodicities in activity patterns and 
probably result in more accurate estimates of in situ rates. Traditionally, short-term rates 
have been extrapolated to obtain daily or longer-term rates. Thirdly, by using a series of 
paired replicate sediment cores, an organisms’ contribution can be determined without 
having to isolate it from its environment While natural activity patterns of sessile 
epifauna such as oysters may not be disrupted by isolation from the substrate, many have 
shown that this assumption is not true for active epifauna or sediment-dwelling infaunal
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organisms (Lewin et al. 1979, Regnault 1986, Kristensen 1988). Lastly, the sediment 
microcosms are continually supplied with ambient water collected at the time of the 
experiment. The maintenance of natural concentrations and quality of food particles is 
especially critical for accurate estimations of in situ rates (Doering and Oviatt 1986). 
Hornbach et al. (1984), Meyhofer (1985), Bayne et al.(1987) and Way et al. (1990), 
among others, have shown bivalves adjust their filtration rates in response to the quality 
and concentrations of suspended particulate matter. The traditional approach of supplying 
the bivalve with a novel algal diet (Mohlenberg and Riisgard 1978, Lauritsen 1986) 
seems especially critical in light of these studies. The advantages of a continuous-flow 
system have recently been corroborated by Yamamuro and Koike (1993).
A secondary objective of this study was to test the efficacy of the functional group 
approach in identifying patterns in the manner in which benthic species affect their 
surrounding environment The two species selected represent a contrast in their 
functional role, i.e. their relationship with the sediment in which they live. The oyster, 
Crassostrea virginica. is an epifaunal species (living on top of the sediment). By 
contrast the infaunal brackish water clam, Rangia cuneata. lives infaun ally (within the 
sediment matrix), and feeds at the sediment - water interface. These species are expected 
to have similar effects on water-column characteristics due to their similar feeding style 
(suspension feeding) but different effects on sediment flux rates and on sediment 
characteristics as a result of their habitat (epifaunal vs. infaunal). Both species are widely 
distributed and are important components of the macrobenthic communities in many 
eastern US and Gulf of Mexico estuaries.
Study Area
This study was conducted in Fourleague Bay, a river-dominated estuary in south- 
central Louisiana. Fourleague Bay forms the eastern border of the extensive Atchafalaya
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Bay system and is surrounded by extensive brackish and saline marshes. The estuary is 
shallow (mean depth of 1.5 m), well mixed and characterized by high nutrient and 
suspended sediment inputs. The water-column environment of Fourleague Bay has been 
well described by Madden et al. (1988). Sediments in the bay consist primarily of silt 
and clay (>90%), have a high organic content (ca 6 %), and are well oxidized (R. Twilley, 
pers. comm.). Frequent wind-induced resuspension coupled with predominantly silt/clay- 
sized particles creates a very fluid sediment in open bay areas. Benthic infaunal 
populations are at relatively low population densities in most bay areas (Dugas 1978), 
presumably due to substrate instability.
In this study, the effects of epifaunal and infaunal suspension feeders on water- 
column characteristics and benthic nutrient fluxes were compared. The epifaunal oyster, 
Crassostrea virginica. is very common in the lower portion of Fourleague Bay. The 
natural reefs occurring in this area, the appropriately named Oyster Bayou, have been 
commercially productive without the use of cultch or seed since the 1930’s (E. Melan$on, 
pers. comm.). Densities in the channel connecting Fourleague Bay with the Gulf of 
Mexico average approximately 300 m-2; biomass (tissue) averages 150 g dry wt m-2 (E. 
Melanyon, unpub. man.). The brackish upper portion of the bay and the numerous 
bayous entering the bay are populated by the brackish water clam, Rangia cuneata. This 
infaunal suspension feeding species is very common in low salinity, muddy, subtidal 
areas and is widely distributed in eastern US and Gulf of Mexico estuaries (LaSalle and 
de la Cruz 1985). There have been no reported estimates of population density for 
Rangia cuneata in Fourleague Bay. In Vermilion Bay, which lies in the western portion 
of the Atchafalaya Bay system, Gooch (1971) recorded average site densities that ranged 




Experiments were conducted during September 1990. This period was selected 
for study because late summer is a period of high metabolic activity by both suspension 
feeding species, and riverine discharge is at its annual minimum, suggesting that faunal 
effects on rates of benthic - pelagic coupling might be at their maximum. Water 
temperature at both study sites during these experiments was 28 °C.
A manipulative approach was used to determine the suspension feeder 
contribution to benthic - pelagic coupling. Clearance rates of particulate material and 
exchange rates of dissolved ions were determined using the chemostatic microcosm 
system described in Chapter 2. For each benthic species examined, six intact replicate 
sediment and six intact replicate sediment + fauna cores were used. Animal effects were 
isolated by subtracting an average sediment rate from rates determined on cores to which 
bivalves had been added. Clearance rate and benthic flux rate determinations were 
conducted simultaneously on separate 6  core sets. Incubations lasted approximately 10 h 
and were conducted in the dark to minimize benthic autotrophic processes. Typically, 
three independent determinations of clearance or flux rates were made during this 10  h 
period and were separated in time by a complete turnover of the water-column in the core. 
Measurements were begun after an initial period of stabilization (approximately 3.5 h). 
Flow rates of the chemostatic microcosm varied only slightly with experiment, from 8  to 
11 ml min-i, but were identical within treatments.
Experimental “clearance rate” cores were supplied with unfiltered ambient 
estuarine water. Oxygen consumption rates and clearance rates of seston (TSS), as well 
as chlorophyll a (chi), phaeopigments (phaeo), and particulate carbon (PC) and nitrogen 
(PN) were measured. Particulate material in the supply reservoirs was kept in suspension 
by placing the supply reservoir on a mechanical shaker immediately outside of the 
incubation bath. Periodic determinations of reservoir concentrations of all measured
constituents (TSS, chi, phaeo, PC, PN) indicated that this technique was effective in 
supplying a homogeneous water sample to the experimental cores for the duration of the 
incubation. Clearance rates were determined as the difference in concentration of the 
specific parameter between influent and effluent water. Corrections for the settling of 
particulate material inside the core were made by subtracting the “apparent” clearance rate 
for a core with no added fauna from that of a faunal core. Total seston concentrations 
were determined as the weight of particulate material of an 100  ml sample filtered through 
a precombusted GFF filter. Chlorophyll a and phaeopigment concentrations were 
determined after a 40:60 DMSO:acetone extraction on a Turner model ‘B ’ fluorometer. 
Particulate carbon and nitrogen concentrations were determined on precombusted GFF 
filters using a Perkin-Elmer Model 240C elemental analyzer. Oxygen consumption rates 
were determined using an Orbisphere oxygen meter and polarographic electrode.
Experimental “benthic flux” cores were supplied with ambient filtered water (0.2 
)im Gelman capsule filter) for the determination of benthic nutrient exchange rates. 
Removal of the particulate material ensured that changes in nutrient concentrations were 
due to benthic exchange and not to microbial activity in the water-column. Flux rates of 
NH4 , NO3, NOo, PO4 , and Si0 4  were determined for the sediment and sediment + fauna 
cores at each of 3 samplings. Cores were slowly stirred during the incubation: stirring 
rates did not resuspend sediment but were sufficient to maintain a homogeneous water- 
column overlying the sediment. Respiration rates were also determined at each sampling 
to determine the degree to which metabolic activity might have been altered by the 
removal of a food source. Ammonium concentrations were determined using the 
indophenol blue method (Solorzano 1969). Nitrate, nitrite, phosphate, and silicate 
concentrations were determined using standard colorimetric techniques (Strickland and 
Parsons 1972) on an Alpkem RF/AII autoanalyzer.
Sediment cores were collected from Fourleague Bay by diving. Clumps of 
oysters were collected concurrently with sediment cores from leased bottom areas in 
lower Fourleague Bay. Oysters were held in ambient water until the initiation of the 
experiment, and then placed on top of the sediment. No attempt was made to clean the 
clump of all encrusting species, although all large barnacles and mobile fauna were 
removed. ‘Oyster’ rates therefore more correctly reflect oyster community rates.
Infaunal Rangia cuneata were collected from a bayou entering upper Fourleague Bay 
(Carencro Bayou). Individuals were collected concurrently with sediment cores from this 
area and held in ambient water during transport to the laboratory. Individuals were 
“planted” in the sediment cores in their natural orientation and allowed to return to 
predisturbed conditions (siphons extraded and actively filtering; usually < 30 min) before 
the initiation of the experiment Individuals were added to sediment microcosms in 
densities approximating average field densities.
No attempt was made to remove nonsuspension feeding fauna from the sediment 
cores used in the experiments, though no cores contained bivalves in addition to those 
that were added. Thus, differences in “background” fauna contributed to the variation in 
results between cores. However, the dominance of the biomass by the added bivalves 
made these differences negligible for the sediment + fauna cores. Faunal biomass was 
determined as dry body (shell removed) weight after drying at 60° C for 72 h.
To determine possible effects of both species on sediment characteristics, redox 
profiles, sediment chlorophyll a, phaeopigments, dry weight and % carbon (C) and 
nitrogen (N) were measured at the cessation of the experiments. Redox profiles were 
determined to a depth of 4 cm using a redox probe consisting of a platinum electrode and 
standard calomel electrode standardized to a hydrogen half cell at a pH of 4.0 with 
quinhydrone (Whitfield 1974). Chlorophyll and phaeopigment concentrations were 
determined by fluorescence using a 40:60 DMSO:acetone extraction of a 1 cirri plug of
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surface sediment (1 cm depth). Dry weight of a 10 cm3 sediment plug was used as an 
index of sediment porosity and was used to reflect possible bicturbation. Sediment C and 
N levels were determined on this surface plug using a LECO 600 CHN analyzer.
Data were normalized to a weight-specific basis. The reported average weight- 
specific rates incorporate bivalve size effects as attempts were made to include individuals 
which encompassed the size range available in the field in each experiment. Bivalve size 
effects are reflected in the large degree of variation associated with the reported average 
rate. However, it is important to note that this variation also includes the variation 
between sediment cores. This approach is therefore different from that used in 
physiological ecology studies in which a regression between size and rate is established 
and used to predict rates for a modal sized individual.
Differences in rates between species were analyzed using a repeated measures 
analysis of variance. An example of the linear model used for such analyses is presented 
in Appendix A. Individual analyses were performed for each measured parameter (e.g. 
TSS, chi, phaeo, PC, PN, O2 consumption, NH4 flux, etc.). Data were loge 
transformed where appropriate as indicated by Bartlett’s test for homogeneity of variance 
(Steel and Torrie 1980). Adjustments were made to the degrees of freedom using the 
Huynh-Feldt (1970) method when Mauchly’s criterion (Mauchly 1940) indicated 
nonsphericity of the variance-covariance matrix. Pooling of error terms followed the 
criteria of Bancroft and Chien-Pai (1983). All statistics were performed using the 
statistical programs JMP (SAS Institute 1989) or SuperAnova (Abacus Concepts 1989).
Results
Oxygen consumption rates
Weight-specific rates of O2 consumption by the oyster were significantly greater 
than those for the infaunal clam (Fig. 6.1; Table 6.1). The presence of significant core
M Filtered
$ Unfiltered
C r a s s o s t r e a  v i r g i n i c a R a n g i a  c u n e a t a
Figure 6.1. Weight-specific rate of consumption in unfiltered and filtered treatments by the 
epifaunal oyster, Crassostrea virginica and the infaunal clam, Rangia cuneata. 
Error bars represent standard deviations.
Table 6.1. Results of repeated measures ANOVA (main plot only) of 0 2  consumption rates.
Source df F : P
Species 1 30.1072 0.0006
Treatment 1 0.7511 0.5454
Species * Treatment 1 2.1636 0.1795
Core (Species, Treatment) 8 33.4057 0 .0 0 0 1
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effects in the statistical results reflected bivalve size effects (Table 6.1). Increasing 
bivalve size was associated with decreasing weight-specific oxygen consumption rates. 
Oxygen consumption rates were not significantly different for unfiltered and filtered 
treatments for either species (Fig. 6.1; Table 6.1). This indicated that the removal of the 
food source for the determination of benthic fluxes did not significantly affect the 
animals’ metabolic activities for the duration of the experiment.
Clearance and filtration rates
Clearance rates for the oyster were significantly greater than those for the infaunal 
clam (F=10.99, p < 0.05, Table 6.2). Core was a significant source of error indicating 
that size effects were again a significant source of variation (F=14.99, p < 0.05). Weight- 
specific clearance rates increased with decreasing bivalve size for Rangia. In contrast to 
general physiological principles, weight-specific clearance rates increased with increasing 
size for the oyster. This discrepancy was due in part to the small size range of individuals 
used in the experiment (0.65 g to 1.11 g dry wt), but may also reflect filtration by the 
epibiotic community associated with the oyster shells.
The observed interspecific differences in clearance rates may be due to greater 
suspended solids concentrations in the oyster habitat and/or to greater filtration rates by 
the oysters themselves. There are two approaches to the determination of bivalve 
filtration rates, a direct measurement of the volume or the velocity of water moving into or 
out of the organism or an indirect approach which calculates filtration rates from 
measurements of the removal of particulate matter, i.e. clearance rates. This latter 
approach has generated much discussion on the specific particulate concentrations which 
should be used in the calculations. Filtration rates were calculated from the clearance 
rates using the two most common methods, Bayne (1971) and Hildreth and Crisp (1976) 
(Table 6.2). The difference between these two methods lies in the selection of a value for
Table 6.2. Clearance and filtration rates for the epifaunal oyster and the infaunal clam. See text for the specific 
differences in the filtration rate calculation methods.
Species
Clearance Rate 
mg g‘l dry wth'* ml
Filtration rates
Bayne f  Hildreth and Crisp $ 
g'ldryw th -1 ml g"* dry wt h'*
Crassostrea vireinica X 9.05 91.81 153.75
(SD) (4.16) (40.40) (91.67)
n 9 9 9
Rangia.cuneata X 1.97 84.00 206.10
(SD) (0.71) (31.30) (87.20)
n 12 12 12
t  calculated following the method in Bayne (1971)
$ calculated following the method in Hildreth and Crisp (1976)
the actual concentration that the bivalve “sees”. In a chemostatic system, the degree of 
reduction of suspended solids indicates which of these concentrations better reflects the 
actual concentration to which the bivalve is exposed. For the oyster, the method of 
Bayne (1971) which uses the influent concentration as the concentration “seen” by the 
bivalve, is a better estimate of in situ rates. Concentrations were only reduced by 25-33 
% at each sampling. The method of Hildreth and Crisp (1976) uses the effluent 
concentration for the concentration actually filtered by the bivalve. For the infaunal clam, 
reductions of suspended solids concentrations ranged from 36-50 % (based on 3 
successive time determinations with an average water residence time in the cores of 3.5 h) 
and in situ rates probably lie closer to the Hildreth and Crisp (1976) value. Thus, realistic 
estimates of the range of filtration rates for each species are similar (Table 6.2). Again, 
the large degree of variation associated with these rates was due to the inclusion of size 
effects. Therefore, interspecific differences between clearance and filtration rates were 
probably due to differences in the concentration of suspended solids at each station. 
During these experiments, ambient suspended solids concentrations at Oyster Bayou 
averaged 93 mg l-1 (n=6 ), while those at Carencro Bayou averaged 24 mg l-1 (n=4).
Clearance rates for other classes of particulate material are presented in Figure
6.2. There were significant interspecific differences in clearance rates of chlorophyll a, 
particulate C, and particulate N. There were no interspecific differences in clearance rates 
of phaeopigments. Size (core) effects were a significant source of variation for chi a and 
particulate N clearance rates. The general trend of increasing animal size with decreasing 
weight-specific rates was noted in the particulate C data, though significant size effects 
could not be discerned above the variation in the data. This problem may be eliminated in 
future experiments by filtering a larger volume of water for particulate C determinations.
The observed interspecific differences in clearance rates cannot be explained 
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Figure 6.2. Weight-specific clearance rates of chi a, phaeopigments (top panel) and PC, 
PN (bottom panel) by the epifaunal oyster, Crassostrea virginica and the 
infaunal clam. Rangia cuneata. Error bars represent standard deviations.
example, the fourfold difference in the removal of chi a  cannot be explained by the 
difference in ambient chlorophyll concentrations between stations (28.27 vs 22.29 jug l-1, 
for the oyster and Rangia stations, respectively). Ambient concentrations for PC and PN 
were 3907 vs 3266 |ig l-1, and 542 vs 498 (ig l-i, for the oyster and Rangia stations, 
respectively. Similarly, interspecific differences were not entirely due to differences in 
the respective filtration rates discussed above. The methods for indirectly estimating 
filtration rates from clearance rates assumes 100% efficiency of filtered material. The 
higher rates of removal for the oyster indicate that it retains more chi a, particulate C and 
N  than does Rangia. This differential efficiency or selectivity may result from size 
differences in the particulate material between stations. These results demonstrate the 
need to measure each of these processes directly rather than estimating them from known 
filtration rates.
Benthic exchange rates
Weight-specific flux rates reflect individual metabolic activity and faunally 
induced alterations in sediment exchange rates. As expected, inorganic nitrogen exchange 
was dominated by NH4 release (Fig. 6.3). Weight-specific rates of NH4 release were 
significantly greater for the oyster than for Rangia cuneata. Differences in NH4 exchange 
rates were proportional to the interspecific differences observed in O2 consumption icf. 
Fig. 6.1, 6.3). Ammonium fluxes in filtered vs unfiltered cores were not significantly 
different for either species, suggesting that these species do not affect water-column 
regeneration processes.
The presence of oysters significantly altered rates of benthic NO3 and NO2 flux. 
Weight-specific rates of exchange are presented in Figure 6.3. Nitrate fluxes measured 
for the filtered and unfiltered treatments were significantly different In the unfiltered
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Figure 6.3. Weight-specific rates of dissolved ion flux in filtered and unfiltered treatments by 
the epifaunal oyster, Crassostrea virginica. and the infaunal clam, Rangia 
cuneata. Positive values represent flux out of the sediment. Error bars represent 
standard deviations.
treatment, the presence of the oyster caused NO3 release (Fig. 6.3). In the filtered 
treatment, weight-specific NO3 exchange rates were not significantly different from 0. 
These results indicate that when supplied with a particulate food source, oysters altered 
nitrification rates. Sma and Baggaley (1976) have noted enhanced water-column 
nitrification rates in the presence of oysters. Perhaps the water exchange resulting from 
the oysters filtering activities stimulates the water-column nitrifier population. The lack of 
a significant size (core) effect in the weight-specific NO3 rates corroborates this 
hypothesis. Weight-specific rates of NO3 and NO2 exchange for infaunal Rangia were 
not significantly different from 0 (p = 0.97, NO3; p = 0.50, NO2 ). The lack of a 
significant effect suggests that this species does not affect sediment exchange rates, 
despite its infaunal habit
Both species significantly increased rates of benthic PO4 release. Weight-specific 
rates for the oyster were significantly greater than those for the infaunal clam (Fig. 6.3). 
The magnitude of the difference in these rates was again proportional to that for O2 
consumption (cf. Fig. 6 .1,6.3). Size effects were again a significant source of error for . 
both species suggesting that increased PO4 release was a result of metabolic activities and 
not animal-sediment interactions. There were no significant differences between rates for 
the unfiltered and filtered treatment for either species (Fig. 6.3). These results indicate 
that neither species affected rates of PO4 uptake or regeneration in the water-column.
Enhanced rates of benthic SiC>4 flux were observed only for the infaunal clam and 
not for the epifaunal oyster. For the oyster, weight-specific rates of Si0 4  release were 
not significantly different from 0 (Fig. 6.3). Weight-specific rates of Si(>4 release for the 
infaunal clam, while significantly greater than 0 , were more variable than rates for other 
analytes. No significant rate differences were observed for the unfiltered and filtered 
treatments, though ‘filtered’ rates were higher than ‘unfiltered’ rates. Additionally, no
significant size (core) effect was observed, which indicates that enhanced SiC>4 fluxes 
were not due strictly to metabolic processes. These results suggest that Rangia. which 
feeds at the sediment -water interface, increases the dissolution rate or release of 
dissolved SiC>4 , but that in unfiltered microcosms, this additional SiC>4 is taken up by 
phytoplankton in the water-column.
Sediment characteristics
The presence of the epifaunal oyster or the infaunal clam did not significantly alter 
sediment chlorophyll a or phaeopigment levels (Table 6.3). This result was somewhat 
unexpected as biodeposition by suspension feeding organisms has been reported to result 
in changes in sediment characteristics (Haven and Morales-Alamo 1966, Kaspar et al. 
1985, Sornin et al. 1990). Both species deposit feces or pseudofeces at the sediment 
surface (Fairbanks 1963, Rangia: Bayne 1976, Crassostrea). The duration of the 
experiment was sufficient for biodeposition to occur as gut clearance times for both 
species are reported to be less than one hour (Fairbanks 1963, Rangia: Bayne 1976, 
Crassostreal.
The dry weight of a standard volume of surface sediment reflects the relative 
compaction or conversely, the “fluffing” up of the sediment The epifaunal oyster did not 
significantly alter the dry wt of surface sediment (p > 0.05, Table 6.3). In contrast, the 
infaunal clam caused a significant reduction in sediment dry wt (p < 0.05, Table 6.3). 
This result indicated that the clam increased porosity of the sediment surface, most likely 
via its feeding activities at the sediment - water interface.
The epifaunal oyster did not significantly affect the percent C or N composition of 
the sediment (p > 0.05, Table 6.3). Similarly, the infaunal clam did not affect sediment 
N levels for the duration of the experiment (p > 0.05, Table 6.3). However, the presence 
of the infaunal clam resulted in significantly increased sediment percent C in the unfiltered
Table 6.3. Sediment characteristics in experimental cores for both study sites and species. All treatments combined 
except when significant differences were observed.
Sediment Parameters











Oyster Bayou / sediment X 0.54 3.04 0.41 1.99 0.18
Crassostrea virginica (SD) 0.05 0.04 0 .0 2 0.33 0.03
n 3 3 3 6 6
sediment + bivalve X 0.46 3.03 0.49 2.07 0.19
(SD) 0.08 0.07 0.04 0.15 0 .0 2
n 3 3 3 12 12
Carencro Bayou / sediment X 0.92 3.00 0.57 1.68 0.15
Rangia cuneata (SD) 0.25 0.07 0.04 0.13 0 .0 2
n 3 3 3 12 12
sediment + bivalve X 0.98 2.99 0.45 Unfiltered Treatment 0.16
(SD) 0.07 0.30 0.06 2.04 0.03








treatment, but not in the filtered treatment (Table 6.3). These results suggest that the 
increase in sediment C levels was due to biodeposition of ingested material on surface 
sediments.
The presence of the epifaunal oyster caused a reduction in sediment Eh in the 
surface sediments (Fig. 6.4). Profiles became more similar with depth indicating that the 
effect was confined to generally less than 2.5 cm depth. As an epifaunal oyster does not 
directly interact with the sediment on which it lives, this result is probably due to the 
physical presence of the oyster clump. In contrast, the presence of the infaunal clam 
resulted in a slight oxidation of the surface sediment (Fig. 6.4). Effects were confined to 
the sediment surface layer and were probably caused by feeding activities.
Discussion
The results of this study indicate that both suspension feeding populations 
increased the retention of particulate matter and rates of benthic nutrient exchange and 
oxygen consumption. However, significant qualitative and quantitative differences in 
these effects were observed between the epifaunal and infaunal species studied. These 
differences were only partially due to the immediate habitat and lifestyle of a species, i.e. 
its functional group. Results also reflected differences in the level of metabolism between 
the species examined.
Habitat differences in functional role
The immediate habitat and lifestyle of a species might be expected to play a role in 
the degree to which a population affects its surrounding environment It was 
hypothesized that Rangia would alter rates of benthic exchange and nitrogenous 
sedimentary transformations due to its infaunal lifestyle. Conversely, it was 
hypothesized that the primary effect of the epifaunal oyster would be via particulate
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Figure 6.4. Redox profiles in experimental cores with and without added fauna.
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retention. However, the results of this study did not reflect all of these expected 
differences. Results indicated that Rangia did not significantly alter rates of sedimentary 
nitrogen transformations. Weight-specific rates of NO3 and NO2 flux were not 
significantly different for this species (though loss of N via denitrification cannot be 
completely eliminated). The epifaunal oyster, while increasing benthic exchange rates of 
metabolic products as expected, also appeared to stimulate water-column nitrification.
The quantitative significance of this stimulation is under investigation (unpub. data). The 
epifaunal oyster did not alter sediment dissolution and exchange rates of Si0 4 , whereas 
the infaunal clam significantly increased SiC>4 exchange. Changes in sediment dry 
weight, a rough indication of bioturbation, were only evidenced by the infaunal clam. 
Similarly, only the infaunal clam significantly affected sediment % C. These changes 
were most likely due to disturbance of the sediment-water interface by feeding and 
biodepositional activities. Redox profiles corroborate this hypothesis. The infaunal clam 
caused an oxidation of the surface and near-surface sediments. In contrast, the presence 
of oyster clumps resulted in reduced surface and near-surface sediments relative to 
sediment controls. This reduction is most likely due to the physical presence of the oyster 
shells resulting in a barrier to exchange with overlying water and possibly a compaction 
of the surface layers. Thus, the observed effects were only partly explained by functional 
groupings.
Literature addressing the effects of bivalves on benthic processes suggest that 
simple functional group categorizations do not completely delineate the observed 
quantitative and qualitative changes. Henricksen et al. (1983) found that the infaunal Mva 
arenaria enhanced nitrification (potential); a similar result for the infaunal species in this 
study was not observed. Aller (1978), Aller and Yingst (1978), and McCaffrey et al. 
(1980) suggested that NH4 excretion of infauna was of minor importance. Yet,
Henricksen et al. (1980), and Hylleberg and Henricksen (1980), demonstrate that 
excretion can be quantitatively important. Yamada and Kayama (1987) demonstrate that 
for the infaunal bivalve, Theora lata, the effect of excretion on the increase in NH4 flux 
was quantitatively more important than that of bioturbation. Doering et al. (1987), as 
well as Murphy and Kremer (1985), reported that the infaunal clam, Mercenaria 
mercenaria. did not increase benthic PO4 flux, as was found for the infaunal species in 
this study. Nixon et al. (1980) determined that the excretion rates of this species, when 
added to sediment flux, never matched measured values. Differences were attributed to 
bacterial uptake or sediment sorption. Dame and Dankers (1988) in a comparison of 
Dame’s work with oysters in South Carolina, noted that mussels released PO4 but oysters 
did not In this study, however, significant rates of PO4 release were measured for 
oysters. Additional autecological information appears to be required to predict, even in a 
qualitative manner, a species’ effect on its environment.
Species differences in functional role
The results of this study demonstrate that the degree to which suspension feeders 
increase rates of nutrient exchange and the retention of particulate matter is partly a 
function of relative metabolic activity. In this study, significantly higher weight-specific 
rates of O2 consumption, particle removal (all those measured excluding phaeopigments), 
NH4 and PO4 release were measured for the oyster, Crassostrea virginica. than the 
infaunal clam, Rangia cuneata. Thus, the oyster has a higher level of metabolism or 
physiological activity (as distinguished from motility) than the clam.
The physiological rates reported in this study for the oyster and the clam were 
similar to those reported in the literature for these species (Galtsoff 1964, Hammen 1969, 
Hartwell et al. 1991) with one exception. Filtration rates calculated for the oyster in this
study were low relative to those reported in the literature (Galtsoff 1964, Newell and 
Langdon 1986, Hartwell et al. 1991). The methods used to calculate filtration rate from 
clearance rates assume 100% particle retention efficiency. If filtration rates are calculated 
for the remaining categories of particulate matter, rates are 4 to 6  times higher. This 
suggests that retention efficiencies differ and therefore were not 1 0 0 % for particle types 
measured. Studies on retention efficiency in the oyster suggest that particles greater than 
4 jum are completely retained, with retention efficiencies decreasing in concert with 
particle size. Jorgensen and Goldberg (1953) measured removal rates at 1-2 |im that 
were only one fifth to one tenth of rates at 3 (im, indicating a very steep decline in 
retention efficiency. Bivalve filtration rate is sensitive to a wide variety of environmental 
parameters (Bayne 1976, Riisgard 1988, Palmer and Williams 1980). However, any of 
these, such as food quality, quantity, and size composition, were accounted for by the 
experimental design. Thus, the low filtration rates calculated in this study may reflect 
discontinuous feeding. Low filtration rates did not result from low food availability; 
oysters removed only 12% of the available seston. In situ feeding periodicity is an 
experimentally difficult issue and has not been adequately addressed for any bivalve 
species.
Recent studies have focused on the role of hydrodynamics in controlling filtration 
rates (Wildish et al. 1987, Eckman et al. 1989, Wildish and Miyares 1990). These 
studies, which have focused on active, epibenthic species, have indicated that there is an 
optimal range of flow velocities for particle capture for these species; extremely low and 
high flows result in large decreases in filtration rates. The low filtration rates recorded in 
this study may be due to the inadequate replication of appropriate hydrodynamic 
conditions for an epifaunal species. The experimental cores used in this study were not 
stirred so that active removal of particulates could be distinguished from passive settling. 
Thus, particulate removal rates may underestimate in situ rates. This is further reinforced
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by the observation that more DIN (primarily in the form of NH4) was being released to 
the water-column by the oysters than was being removed via filtration (202 vs 105 \lg g-i 
dry wt h-i). Although seasonal imbalances may occur, in this case the most 
parsimonious explanation is underestimated PN removal. It is important to recall that 
other physiological rates reported in this study for the oyster are similar to those reported 
in the literature (Galtsoff 1964, Hammen 1969, Hartwell et al. 1991). Experimental 
evidence supporting the differential sensitivity of these specific physiological processes to 
hydrodynamics has been reported for oysters by Dame and colleagues. Dame et al.
(1985) observed that bed flows greater than 15 cm s-1 decrease particulate N removal 
rates but that flow velocities did not affect NH4 release rates.
There have been few physiological rates reported for the infaun al Rangia. 
Filtration rates measured in this study were lower than those reported by Hartwell et al. 
(1991) (0.08 to 0.21 vs 0.38 to 0.721 g-1 h-i). Differences may be due to differences in 
experimental conditions (laboratory vs in situ; temperature, 21° vs 28° C; no substrate vs 
natural substrate, food quality and quantity) but probably also reflect discontinuous 
feeding by the clam. Hartwell et al. (1991) only measured clearance rates while clams 
were actively pumping. The variation in calculated filtration rates among the classes of 
particulate material is less than that for the oyster. Rates varied by a maximum of 1.5 
from the rates presented in Table 6.2. This indicates that the retention of particles varies 
less with particle type for Rangia, or conversely, that Rangia can retain smaller particles 
than the oyster.
Respiration rates for R. cuneata measured in this study were greater than those 
reported by Hartwell et al. (1991) (0.85 vs 0.03 to 0.25 mg g-t dry wt h 1 ). Again, 
differences may be due to differences in experimental conditions but probably also reflect 
additional stimulation of sediment respiration by the clam. The significant size (core)
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effect demonstrated by the statistical analyses indicated that this additional stimulation was 
either minimal, or that it was proportional to an individuals’ metabolic rate.
The extent to which flow regimes are important in controlling filtration rates of 
infaunal organisms is an experimentally difficult issue and has only recently been 
addressed using a recirculating flume (Cole et al. 1992). Their results indicate a less than 
6 -fold variation in filtration rates of the introduced Potamocorbula amurensis over a 
velocity range of 9 to 25 cm s-1. Thus, this study suggests that the flow rate of the 
chemostat system used for the determination of these rates needs to be optimized for the 
most critical parameter under study and secondly, that optimal rates may vary among 
measured parameters. Similar results were noted for the determination of sediment 
exchange rates with a chemostat system Chapter 3. The experimental apparatus used in 
this study could be modified by the inclusion of a component which produces quantifiable 
and repeatable stirring to experimentally investigate the relationship between clearance 
rates and hydrodynamic conditions.
Feeding selectivity by the two suspension feeding species also resulted in 
qualitative differences in the manner in which these populations affected particulate 
retention. In this study, the oyster removed more of the available chlorophyll from the 
water-column than did the infaunal clam. Ambient particulate C to chi a (PCrchl a) ratios 
at the two stations were 138 (Oyster Bayou) and 147 (Carencro Bayou). Thus, most of 
the C present was associated with living phytoplankton cells (Zeitzschel 1970). In 
contrast, PC:chl a ratios in the effluent water from the microcosms were 229 and 182, 
for the oyster community and Rangia. respectively. These changes indicate that the 
bivalves caused an increase in the proportion of non-living detrital C, that is they 
selectively remove chlorophyll. The degree of changes in the ratios caused by both 
species also indicates that the effect is greater for the more metabolically active oyster. 
This selectivity probably results from passive means, that is differences in particle size
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composition between stations in combination with differential retention of sizes by the 
two species. Galstoff (1964) has shown that particle selection by the oyster can also 
occur after filtration by differential processing by the gill. There is a large body of 
research on filtration in bivalves which demonstrates the generality of this phenomenon 
(reviews by Bayne 1976, Mohlenberg and Riisgard 1978).
Stable isotope data from samples collected during this cruise period supports the 
experimental evidence for qualitative differences between these species. Carbon and 
sulfur values reflect a greater importance of phytoplankton in the diet of the oyster than in
the clam; 8 13C -22.8 vs -27.5 and 8 34S 14.4 vs 7.7, for oysters and Rangia. respectively
(J. Day, Jr., pers. comm.). These values mirror those measured for suspended
particulate matter in the lower and upper bay areas (8 13C -24.9 vs -27.7, respectively; no
8 34S data). Nitrogen isotope values for the oysters and clams were similar (8 15N 9.6 vs
9.3, respectively) and reflect the importance of suspended particulate matter (S15N 4.4 vs
4.8 lower and upper bay, respectively) as the primary food source (3-5 %o fractionation 
per trophic level). Stable isotope values reflect assimilated and not simply ingested 
particulate matter (Peterson and Fry 1987) and therefore indicate that the clearance rates 
measured qualitatively reflect in situ processes. The lack of importance of marsh detritus 
in the diet of the oyster has also been noted by Langdon and Newell (1990).
Functional role o f suspension feeding assemblages
The functional role of both bivalves in this study is one of a transformer; particles 
removed from the water-column are transformed into faunal biomass or dissolved 
inorganic nutrients (proximally by physiological activity, ultimately by fecal pellet 
degradation) by metabolic processes. Both species investigated caused large reductions
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in most categories of particulate matter (Table 6.4). The transforming capacity of the 
Rangia population or oyster community was also evidenced by the changes in particulate 
N to dissolved inorganic N (PN:DIN) ratios observed in this study. The ratio of PN:DIN 
(influent concentrations) were 2.76 and 9.81 for Oyster and Carencro Bayou, 
respectively. The presence of fauna resulted in ratios for effluent concentrations of 0.41 
and 1.47 for the oyster and Rangia. respectively. These changes indicate that both 
populations transform particulate N to dissolved N. Species differences in this 
transformation capacity will be addressed below. In sediment microcosms without added 
bivalves, the PN:DIN ratios for effluent concentrations were 1.22 for Oyster Bayou and 
8.23 for Carencro Bayou. The lack of large changes in this ratio at Carencro Bayou by 
the sediment alone may indicate that this area of the bay acts more as a conduit for 
particulate matter than as a transformer of this material.
The research in this study is most similar in objectives and species characteristics 
to work by G. Boucher and R. Boucher-Rodoni (Boucher and Boucher-Rodoni 1985, 
Boucher and Boucher-Rodoni 1988, Boucher-Rodoni and Boucher 1990) on beds of the 
oyster, Crassostrea gigas. and to work by Murphy and Kremer (1985) for the hard clam, 
Mercenaria mercenaria and Yamamuro and Koike (1993) for the infaunal Corbicula 
japonica. As in this study, G. Boucher and R. Boucher-Rodoni (op. cit.) found that 
oysters (in this case, Crassostrea gigas) increased the rate of sediment oxygen 
consumption and benthic NH4 release. Weight-specific rates of O2 consumption and 
NH4 release were higher in this study than in their work (2.78 vs 0.67 to 1.30 mg O2 g_1 
dry wt h 1 and 14.55 vs 1.65 to 6.75 |!g-at g-1 dry wt h-i, respectively), but temperature 
may account for these differences. Maximum temperature in their study area was 18°C; 
temperatures during this study were 28°C. In comparison with laboratory data, measured 
O2 consumption was less than predicted but NH4 release was greater than expected;
Table 6.4. Percent reductions of available particulate matter achieved by both populations.
Species
Crassostrea virginica Rangia cuneata
Seston 1 2 % 47%
chlorophyll a 58% 42%
phaeopigments 55% 52%
PC t 30% 28%
P N | 46% 29%
t particulate carbon 
I particulate nitrogen
similar discrepancies were noted in this study (see below). The 1990 study reported no 
relationship between oyster biomass and NH4 production, despite linear increases in 
concentration over the incubation period. This unexpected result may be indicative of a 
subtle negative feedback relationship between the oysters, sediment and overlying water 
and illustrate the need to maintain ambient environmental conditions. The higher rates 
reported in this study may result from the absence of this feedback. In their work, 
Boucher and Boucher-Rodoni observed occasional NO3 production suggesting 
stimulation of nitrification by oysters. The data reported in this study also suggested 
oyster enhanced nitrification. Nitrification in oysters has also been reported by Saijo and 
Mitamura (1971) and Sma and Baggeley (1976).
During the fall period, Boucher and Boucher -Rodoni (1988) calculated that 
oysters contribute 62% to the total NH4 flux to the overlying water and consume 47% of 
the total bottom O2 uptake. In this study, when compared to ambient sediment rates, 
oyster [at a standardized biomass of 2 g DTW (dry tissue weight) per core or 110 g m-2] 
NH4 release and respiration accounted for 8 8 % of the total benthic NH4 release and O2 
consumption (Chapter 5) at the lower bay site in Fourleague Bay. The release of PO4 by 
the oyster resulted in a change in the direction of sediment exchange, from sediment 
uptake to benthic release (Chapter 5). Thus, the figures of Boucher and Boucher-Rodoni 
(1988) a are slightly lower than those reported in this study but corroborate the 
importance of oyster communities in benthic metabolism.
Dame has conducted a number of studies (Dame 1976, Dame et al. 1984, Dame et 
al. 1985) investigating the effects of reefs of Crassostrea virginica on the surrounding 
North Inlet (South Carolina) ecosystem. By isolating a portion of an oyster reef with a 
flume-like tunnel, he and coworkers have demonstrated significant reductions in POC, 
PN and chi a concentrations. Significant rates of NH4 release by the oyster reef were
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also measured. Rates in 1984 ranged from 1680 to 7250 |ig-at m-2 h-i; those measured 
in 1985 varied from 2825 to 15304 (ig-at m-2 h-i. At densities similar to those in South 
Carolina, the NH4 release rates in this study fall within the range of rates reported in 
1984.
Mercenaria mercenaria and Corbicula japonica are similar to R. cuneata in that 
they are relatively immobile infaunal species which feed at the sediment-water interface. 
Pumping activities for either species are therefore not ventilating the sediment, but 
individuals are contributing feces and pseudofeces to surface sediments. Rates of N  and 
P release reported by Yamamuro and Koike (1993) for C. japonica were similar to those 
for Rangia in this study. Rates of N release were 0.14 to 0.25 vs 0.25 mg-at N m-2 h-i 
and rates of P release were 9.5 to 31 vs 17.0 fig-at P m-2 h-i for C. japonica and Rangia, 
respectively. Rates of PN removal measured for Rangia in this study were much greater 
than those reported for C. japonica: 0.3 to 0.6 vs 2.9 mg-at N m-2 h-t. This difference 
may reflect differences in feeding style: Corbicula is thought to supplement its diet via 
deposit feeding (Cleland 1988). As in this study, Yamamuro and Koike (1993) observed 
no significant effect on sediment chi a by the clam. It is important to note that the range 
of variation in the rates reported in Yamamuro and Koike (1993) were similar to those 
reported for this study: large coefficients of variation are not unique to the system used 
but reflect the combined effects of sediment spatial variation and variation in individual 
physiological rates. Murphy and Kremer (1985) found thatM- mercenaria accounted for 
59% of the total benthic O2 consumption and 67% of the total benthic NH4 flux at their 
study site. On a lagoon-wide average, bivalves (M- mercenaria. Chione undatella, 
Lvonsia califomica. and Protothaca staminia') at densities of 143 m-2 accounted for 6 8 % 
of the lagoon’s benthic O2 consumption and 78% of the benthic NH4  release on an hourly 
basis. At the same standardized biomass as for the oyster (see above), Rangia was
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responsible for 69%, 65% and 59% of the benthic NH4 release, PO4 release and O2 
consumption, respectively, at the upper bay site (Chapter 5). Thus, the values from 
Murphy and Kremer (1985) are similar to those for R. cuneata in this study.
This study, in addition to that by Yamamuro and Koike (1993), did not 
methodologically separate the excretion of metabolites from the stimulation of 
remineralization in the sediment. Murphy and Kremer (1985) observed greater NH4 
fluxes than expected on the basis of laboratory measurements of excretion. Reasons for 
this, they suggested, lie in the form of nitrogen excreted and/or the type of ingested food, 
but may also result from the stimulation of remineralization at the surface. They 
concluded that this discrepancy reflected the difficulty in extrapolating rates of faunal 
activity from laboratory to field measurements for infaunal organisms.
The functions of particle retention and enhanced benthic exchange appear to be 
common to all large beds of suspension feeding bivalves. Kuenzler (1961) demonstrated 
that the ribbed mussel. Guekensia demissa. excreted 83% of the phosphorus it removed 
as PO4. In a similar study by Jordan and Valiela (1982), the same species excreted 55% 
of the nitrogen it removed and supplied 31% of the total NH4 released to the Sippewisset 
marsh system. Doering et al. (1987) observed a 20% increase in O2 consumption in the 
presence of the infaunal Mercenaria mercenaria. M- mercenaria also caused increases in 
benthic releases of NH4  and Si0 4 , the latter being 8 6 %. Kaspar et al. (1985), measured 
higher O2 consumption at sites within a mussel (Pema canaliculus) farm and a rate of 
NH4 excretion which was 3 to 5 times the NH4 release by the underlying sediment 
(mussels were rafted) and 5 to 10 times the release measured for sediments outside the 
mussel farm. They also noted that biodeposition by the mussels increased the rate of N 
loss from the system via harvest, increased sedimentary denitrification, and increased 
rates of N burial. In Denmark, Riemann et al. (1988) demonstrated that Mvtilus edulis
significantly reduced water-column chlorophyll levels, and that this reduction was 
sensitive to the size spectrum of phytoplankton present. In the Wadden Sea area, water 
flowing over beds of M- edulis was significantly depleted in seston and chlorophyll 
(Dame and Bankers 1988). In the cold waters of Ireland, Rodhouse and Roden (1987) 
found that rafts of the mussel, Mvtilus edulis. cleared 50% of available particulates from 
suspension. In the Ria de Arosa, Cabanas et al. (1979) measured 60% clearance of 
particles by suspension feeders. In contrast, Muschenheim and Newell (1992) found that 
a bed of Mvtilus edulis removed only 20% of the seston flux in the available flow layer, 
but that mussels depleted most of this zone of resuspended benthic diatoms.
The results of Davies et al. (1989) and Morin et al. (1988) indicate that large 
effects on particle retention are not limited to bivalve populations. Davies et al. (1989) 
noted that the population of serpulid polychaetes could filter the entire volume of a coastal 
embayment in 26 h and remove 1.3 x 108 mg of particles, 2-16 (im in size. Morin et al. 
(1988) determined that black fly larvae ingested between 32 and 55% of the total seston 
flux in a 40 m section of stream.
Suspension feeder effects on benthic-pelagic coupling
Particle retention, increased benthic metabolism and enhanced nutrient cycling 
caused by suspension feeders can result in qualitative and quantitative changes in benthic- 
pelagic coupling. Figure 6.5 summarizes the effects of Crassostrea virginica and Rangia 
cuneata measured in this study and illustrates the observed qualitative and quantitative 
interspecific differences. One effect of these changes may be alterations in the rates and 
patterns of primary production. Phytoplankton production in coastal environments is 










Figure 6.5. A depiction o f the synoptic effects o f the epifaunal oyster, Crassostrea virginica and 
the infaunal clam. Rangia cuneata on rates o f particulate removal and dissolved 
nutrient exchange in September 1990. Rates are given in (ig-at per g dry weight per 
hour. Arrows are proportionally scaled within each class of material (particulate or 
dissolved). The predominant form o f DIN was NH4 (95 %  or greater).
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by dense suspension feeding populations. Supply of NH4 , the principal excretory 
product of most bivalves (Bayne and Scullard 1977), may enhance production (Lassig et 
al. 1978) or support production when other sources are limiting. In a system with a well- 
mixed water-column, such as Fourleague Bay, the flux of nutrients, whether they 
originate from excretion or stimulation of regeneration, can supply nutrients required for 
primary productivity. Peaks in primary productivity in Fourleague Bay occur in late 
summer, early fall and can approach 2.5 g C m-2 d-1 (Randall and Day 1987). Using the 
weight-specific rates in this study, oysters can supply all of the N required to support this 
production at a biomass of 78 g m-2. Biomass reported by Melangon (unpub. man.) for 
lower Fourleague Bay averaged 150 g m-2. In contrast, Rangia would have to occur at a 
biomass of 262 g m-2 to support this level of production. While this biomass is within 
the range of reported densities for southeastern estuaries and the Atchafalaya region in 
particular (LaSalle and de la Cruz 1985, Gooch 1971), these numbers occur only in age 
class dominated, spatially restricted beds. However, using the rates from this study 
which are admittedly an underestimate, filtration by the oysters at this biomass removes 
1.75 g PC m-2 d-i, a figure close to peak daily production. In contrast, at a biomass of 
262 g m-2 , Rangia removes 0.84 g PC m-2 d-i via filtration: at non-bed biomass of 50 g 
m-2, Rangia removes only 0.16 g PC m-2 d-i.
Cloem (1982) lists several factors which determine the importance of suspension 
feeding communities in benthic-pelagic coupling. These include water depth, (more 
generally, the surface area to volume ratio), water residence time, the degree of mixing 
(affecting both filtration rates and dispersal of excretory metabolites), and suspension 
feeder biomass. The results of this study and examination of the literature suggest that 
additional information, such as a species’ lifestyle and relative metabolic level, is required 
to predict a bivalve’s effect on its environment. Functional grouping appeared to explain 
some of the qualitative differences noted in this study. However, quantitative differences
largely reflected differences in levels of metabolic (physiological) activity. Thus, to more 
adequately determine the importance of suspension feeding assemblages to benthic- 
pelagic coupling, it is important to have some understanding of a species’ functional 
relationship with its immediate habitat and its general level of metabolism. A  
hypothesized continuum of effects is presented in Figure 6 .6 . All other factors (those 
listed above) being equal, a deeply bioturbating (infaunal) suspension feeding species 





















Increasing metabolic activity ---------------- ►
Figure 6 .6 . A hypothesized scale of the importance of a species in benthic-pelagic coupling as a
function of its functional relationship with the sediment and its level of metabolic activity.
Chapter 7:
Incorporating Macrofaunal Effects into an Understanding of Ecosystem Function: 




Research over the past few decades has amply demonstrated that benthic fauna 
can have significant effects on water-column and sediment characteristics. Filtering by 
benthic suspension feeders has been shown to result in effective turbidity control 
(Verwey 1952, Richter 1986, Reeders et al. 1989, Cloem 1982, Officer et al. 1982, 
Nichols 1985, Hily 1991), reduced phytoplankton populations (Wright et al. 1982, 
Carlson et al. 1984, Cohen et al. 1984, Nichols 1985, Lauritsen and Mozley 1989, 
Chapter 6 ), and effects on zooplankton community composition (Horsted et al. 1988, 
Sullivan et al. 1991). Benthic faunal activity may also cause large changes in benthic 
processes such as the rates and patterns of nutrient regeneration (Rhoads 1973, Aller and 
Yingst 1978,1980, Chatarpaul et al. 1980, Henricksen et al. 1980, Nixon et al. 1980, 
Blackburn and Henricksen 1983, Kaspar et al. 1985, Chapters 5 , 6 ) and sediment 
metabolism (Pamatmat 1968, Smith 1973, Hylleberg and Henricksen 1980, Murphy and 
Kremer 1985, Aller 1988, Andersen and Kristensen 1988, Boucher and Boucher-Rodoni 
1988, Chapters 5 ,6 ). These changes result from both direct mechanisms, such as 
excretion and metabolic demands (Murphy and Kremer 1985, Vetter and Hopkinson 
1985, Regnault 1986, Andersen and Kristensen 1988, Boucher and Boucher-Rodoni 
1988), and indirect mechanisms mediated via changes in the physical, chemical and 
biological properties of sediments. These latter processes have been termed bioturbation 
and include for example, the stimulation of microbial processes (Aller 1978,1982, Aller 
and Yingst 1978,1980,1985, Henricksen et al. 1981,1983, Kristensen 1984,1985, 
Sayama and Kurihara 1983).
Thus, it has been demonstrated that benthic fauna can have marked effects on their 
immediate surroundings. Recent research has begun to go beyond this individual level 
focus and incorporate data into an understanding at higher levels of organization and thus 
addressed faunal effects on the flow of material and energy within an ecosystem (Dame et
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al. 1985, Boucher and Boucher-Rodoni 1988, Somin et al. 1990, Yamamuro and Koike 
1993). These studies have not directly evaluated faunal effects relative to other sources or 
sinks for these processes within an ecosystem. Additionally, these effects have generally 
been discussed for a static, i.e. nonchanging situation. For example, many studies have 
stated that suspension feeding macrofauna may remove a certain percentage of the 
suspended particulates in an environment without addressing the removal of suspended 
particulates via consumption, deposition or advection nor the resupply of particulates via 
water transport or in situ production. To date there has been no systematic approach to 
evaluate the contributions of benthic fauna relative to the other sources or sinks processes 
in ecosystem function.
The objective of this study is to present a framework by which the contributions 
of benthic fauna can be evaluated relative to other nutrient sources and sinks in the context 
of ecosystem function. This objective is accomplished by the construction of a dynamic 
simulation model which integrates faunal processes over several hierarchial scales and 
incorporates other physical, chemical, and biological processes that control the cycling of 
materials in an ecosystem. The particular example selected was based on the previous 
work in this dissertation and focused on the influence of an oyster community on nutrient 
distributions in a southeastern estuary.
Description o f Problem
Fourleague Bay is a river-dominated estuary in south-central Louisiana. The bay 
forms the eastern border of the extensive Atchafalaya Bay system and is surrounded by 
extensive brackish and saline marshes. It and the neighboring Atchafalaya Bay form a 
very shallow coastal system which receives flow from the Atchafalaya River. 
Approximately 30% of the combined flow of the Mississippi and Red Rivers debouches 
into this complex and the bay is therefore strongly regulated by the seasonal cycle of
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riverine input. Discharge of the Atchafalaya River follows a temperate seasonal pattern, 
with a spring peak and a fall-winter minimum. Fourleague Bay, therefore, shifts from 
that of a river-dominated system during high discharge periods to a tidally and 
meteorologically controlled system during low discharge periods.
Fourleague Bay can be divided into approximately equal halves by orientation.
The upper bay is oriented primarily in a northwest-southeast direction which allows for 
significant freshwater influence from neighboring Atchafalaya Bay. The lower bay trends 
north-south and its only outlet to the Gulf of Mexico is a deep, narrow (0.3 km) tidal 
channel (3.6 km) named Oyster Bayou. The flume-like nature of Oyster Bayou makes 
imports and exports to this area relatively easy to quantify.
The estuary is shallow (mean depth of 1.5 m), well mixed and characterized by 
high nutrient and suspended sediment inputs. Vertical stratification is uncommon in the 
bay, while horizontal stratification, or fronts induced by meteorological conditions, are 
common throughout the bay. The water-column environment of Fourleague Bay has 
been well described by Madden et al. (1988). Sediments in the bay consist primarily of 
silt and clay (>90%), have a high organic content (ca 6 %), and are well oxidized.
Frequent wind-induced resuspension coupled with predominantly silt/clay-sized particles 
creates an very fluid sediment in the open bay areas.
The oyster, Crassostrea virginica. is very common in the lower portion of 
Fourleague Bay. The natural reefs occurring in this area, around the inlet to and in Oyster 
Bayou, have been commercially productive without the use of cultch or seed since the 
1930’s (E. Melangon, pers. comm.). Spat set occurs in both spring and fall, the latter 
being larger and oysters grow from spat to commercial size in only 18 months (E. 
Melan§on, pers. comm.). Much of the bayou bottom is inhabited by oysters (W. Voisin, 
pers. comm.) and densities in the channel average approximately 300 m-2. Biomass 
(tissue) averages 150 g dry wt m-2 (E. Melan§on, unpub. man.).
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Synoptic studies (Madden 1986, Madden et al. 1988) of nutrient distribution in 
Fourleague Bay have demonstrated that under low discharge conditions, the bay is a net 
exporter of NH4. For example, in September 1982, net export from the upper bay was 
24 pg-at m-2 h-i while export from the lower bay was 29 pg-at m-2 h-i (Madden 1988). 
During this period Fourleague Bay was also a sink for N0 3 t retaining 227 pg-at m-2 h-i 
(Madden 1988). These data indicate a significant source of NH4 within the bay. Madden 
(1986) showed that even during biologically productive periods, stations in the Oyster 
Bayou area could be as much as 7-8 pg-at H higher in NH4 relative to stations in the 
upper bay. These observations suggest that in situ processes can substantially alter NH4 
concentrations and that this process(es) is enhanced in the area of Oyster Bayou. 
Interestingly, Madden (1992) noted that chlorophyll a levels in Oyster Bayou can be as 
much as 3 times those in the main portion of the bay, suggesting that enhanced NH4 
levels may permit enhanced production. The model was therefore constructed to focus on 
the influence of oysters on concentrations of NH4. Specific emphasis was placed on the 
regulation of NH4 concentrations by oysters because: 1) N  is believed to be potentially 
limiting to primary production in Fourleague Bay (Randall and Day 1987), 2) NH4 
appears to be the preferred form for phytoplankton uptake (Dugdale and Goering 1967), 
and 3) the primary form of DIN affected by the oyster community was NH4 (Chapters 5, 
6).
Two hydrologically and biologically disparate periods were examined in model 
simulations. A period of low discharge and high biological activity, i.e. late summer, 
was selected for investigation as this period was determined to be a period of high 
metabolic activity by the oysters, suggesting that faunal effects on rates of benthic - 
pelagic coupling might be at their maximum. These conditions were contrasted with 
those from a period of high discharge and low biological activity. Specific data for these
latter conditions were chosen to emphasize the river-dominated nature of Fourleague Bay, 
that is, during this period meteorological conditions resulted in enhanced flow from the 
Atchafalaya into Fourleague Bay (Madden 1986,1988). During these high discharge 
periods, Fourleague Bay functions to a large extent as a flow-through system. Synoptic 
nutrient distributions during February, 1982, the bay received 617 pg-at m-2 h-i of NO3 
from riverine input; 402 pg-at m-2 h-i of this was exported from the lower bay to the 
nearshore area. Similarly, the bay retained only 44 of the 85 pg-at m-2 h-i of NH4 
imported through the upper bay entrance exporting 42 pg-at m-2 h-1 from the lower bay 
(Madden 1988).
Model Design and Sources o f Data
The model consists of 4 major components: 1) an inventory submodel which 
includes all potential sources and sinks for water-column NH4, 2) a hydrological 
submodel, 3) a demographic submodel, and 4) submodels to calculate rates of input or 
output to NH4 inventory for each NH4 source or sink. The potential sources and sinks 
for NH4 included in this model are illustrated in Fig. 7.1. The function of each 
component is detailed in Table 7.1. The graphical dynamic simulation package Stella™ 
was used for model building and analysis. Simulation duration and time steps were 
chosen to correspond with the available water transport data.
The data used in this model was primarily from this work and previous studies in 
the Atchafalaya and Fourleague Bay area. Water transport calculations for the lower bay 
were taken from studies by Denes (1983), Madden (1986,1988) and Rouse (pers. 
comm.) that were specific to this locale. Information on bay morphometry were taken 
from Denes (1983), Rouse (pers. comm) and current bathymetric maps. Synoptic 
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Figure 7.1. Diagram of Stella model used to simulate oyster effects 
on NH4  inventory in lower Fourleague Bay.
Table 7.1. Functions of the components of the simulation model.
Component Function
Inventory Summation of NH4  sources and sinks per time step
Source/Sink submodels
Uptake Removal of NH4  by phytoplankton and bacterial uptake
Regeneration Supply of NH4  by water column regeneration
Sediment Flux Supply/removal of NH4  by sediment regeneration
Macrofaunal Flux Supply of NH4  by oyster metabolism
Input Supply of NH4  from river, upper bay, nearshore region
Export Removal of NH4  via export to nearshore region, river, upper bay
Hydrology
Demography
Calculation of net water transport through system 
Partitioning of rates among oyster population age classes
Madden (1986,1988) and Caffrey and Day (1986). Rates for water-column regeneration 
processes were derived from general (Lipschultz et al. 1986) and specific (Rivera- 
Monroy 1988) sources. Demographic information for the oyster population was obtained 
from both general and specific sources, the former including Dame (1972,1976), Bahr 
(1976, Bahr and Lanier 1981) and the latter including Melangon et al. (unpub. man.), 
Melan§on (1990, pers. comm.), and Voison (pers. comm.). Information on the rates and 
patterns of sediment regeneration in Fourleague Bay was derived from Twilley (1988, 
pers. comm.) and data in Chapter 4. Lastly, data on the rates of oyster metabolism and 
oyster effects on benthic processes comes from the work discussed in this dissertation 
(Chapters 5 , 6 ). Specific rate constants as well as initialization values for model 
parameters are presented in Appendix B.
Results and Discussion 
Spring simulation
Model simulations of NH4 concentrations in the water-column of lower 
Fourleague Bay for the high discharge, low biological activity period of spring resulted in 
NH4 concentrations ranging from slightly greater than 0 to approximately 6  pg-at H  
(base model run, Fig. 7.2). These concentrations are similar to those reported in the 
synoptic February nutrient survey by Madden (1988) which ranged from 0 to 
approximately 11 pg-at H . Calculated water velocities ranged from 0 to 80 cm s-1, 
which are slightly lower than those by Rouse (pers. comm.) who has recorded velocities 
up to 1.5 m s-1 in Oyster Bayou. The calculated residence times for water in Oyster 
Bayou averaged 5.7 h over the course of the 50 h simulation and were similar to those 
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Figure 7.2. Results of model simulation and sensitivity analyses of water column NH4 concentrations 
from a high discharge, low temperature period. A. Base model run. B. Model run with no 
river/upper bay input. C. Model run with no oyster input.
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Sensitivity analyses demonstrated that bayou NH4 concentrations were primarily a 
function of riverine input, despite relatively low input concentrations (Fig. 7.2). This 
results from low rates of sediment flux, faunal flux (Fig. 7.2), and water-column activity 
(uptake and regeneration). Contrary to expectations, simulations indicated that 
concentrations were insensitive to net water transport through the bayou (Fig. 7.3). This 
result also arises from the low rates of other NH4 sources and the consequent small 
degree of variation in NH4 concentration.
Late summer simulation
Simulations were also performed for a typical late summer period, characterized 
by low riverine discharge and high rates of biological processes, in order to contrast the 
hypothesized extremes of benthic-pelagic coupling. These simulations again 
demonstrated results which were similar to reported values. Water-column 
concentrations of NH4 were higher than those in the spring and were similar to those 
reported by Madden (1988) (Fig. 7.4). The average residence time of 15 h was greater 
than that in the spring, as expected. Water velocities were similar to those for the spring 
simulation.
Simulations indicated that the resulting patterns in NH4 concentration were 
primarily driven by oyster input (Fig. 7.5). Figure 7.5 (middle panel) shows NII4 
concentrations when both riverine input and sediment flux rates were set to 0. In 
contrast, when faunal input was set to 0, both the magnitudes and the patterns in NH4 
concentrations changed dramatically (Fig. 7.5, lower panel). Simulations also showed 
that NH4 concentrations were insensitive to water-column activity (data not shown). 
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Figure 7.3. Results of sensitivity analyses of water column NH4 concentrations to water transport rates 
from a high discharge, low temperature period. A. Net water transport rates used in base 
model. B. Simulation showing transport rates increased by a factor of 10. C. Simulation 
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Figure 7.4. Results of base model simulation for a low discharge, high biological activity period 
showing the temporal relationship of NH4  concentration to net water transport.
a



















































1.0 26.50 39.25 52.0013.75
50.0
25.0 -







Figure 7.5. Results of model simulations of water column NH4 concentrations lfom a low discharge, 
high biological activity period. A. Base model run. B. Model run without river/upper bay 
input. C. Model run with no faunal input.
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conditions was the release of metabolically generated NH4 by the oysters. This point can 
also be demonstrated by comparing these inputs on a static basis (Table 7.2).
In contrast to the spring results, bayou NH4 concentrations in the late summer 
were sensitive to the net transport of water through the bayou. Peaks in NH4 
concentration occurred primarily during slack tides (Fig. 7.4). Additionally, sensitivity 
analyses indicated that absolute NH4 concentrations were inversely proportional to net 
water transport.
General Comments and Assumptions
Sensitivity analyses for both spring and late summer simulations indicated the 
critical role of the export function (Fig. 7.1) in determining NH4 water-column 
concentrations. In this model, the export of NH4 from the bayou was a function of both 
the total volume and the residence time of water in the bayou. The former was a constant 
in the model and consequently did not reflect changes due to changing meteorological 
conditions or hysteresis in water transport. Given the relatively small surface area to 
volume ratio of the bayou, the error due to this simplification is likely to be small. A 
detailed nutrient survey with stations located at each end of the bayou would better 
quantify the relationship between water-column concentrations and export
There were several assumptions made which simplified model design and 
calculations. The most critical of these is the assumption of a vertically homogeneous 
water-column. Vertical stratification, if present would result in a smaller contribution by 
the oysters to primary productivity in the late summer due to the vertical separation of 
NH4 source and sink. However, vertical stratification has rarely been noted in the Oyster 
Bayou area of Fourleague Bay due to the large volume of water being transported through 
the bayou (Madden 1986, Rouse, pers. comm.). Additionally, the cross-sectional
Table 7.2. Relative contributions of NH4  sources on a static basis. Values are presented in g N for a one 
hour period. Rate constants and assumptions for oyster biomass, etc. are presented in the text.
Source /  Sink February $ September *
River /  upper bay input t 227,000 247,000
Sediment input 774 2,540
Faunal input 16,500 627,000
Phytoplankton, bacterial uptake 4,810 84,200
Regeneration (water column) 19,300 106,000
t  at maximum observed water transport 
$ high discharge, low temperature period 
* low discharge, high biological activity period
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configuration of the bayou would counteract the vertical separation of source and sink due 
to the presence of shallow flats on the sides of the bayou. The error associated with this 
assumption is therefore believed to be small. The application of this model to less 
dynamic and therefore potentially stratified regions would have to reevaluate this 
assumption.
Additional assumptions of the model included; 1) a spatially uniform distribution 
of oysters, 2) a spatially uniform release of NFLjby the sediment, 3) the temporally 
uniform release or uptake by NH4 sources and sinks, and 4) the spatially and temporally 
uniform uptake and water-column regeneration. The design of the microcosm 
experiments, which supplied data for sediment and oyster effects, accounted for the 
spatial and temporal variation in exchange rates due to these sources. As oyster 
density/biomass represents a strictly multiplicative term in the model, the sensitivity of 
results to this parameter reflects the sensitivity of oyster effects and was discussed above.
The presentation of NH4 uptake and regeneration as spatially and temporally 
uniform rates is undoubtably a simplification of the natural situation. The latter (temporal 
uniformity) is likely to be a more serious error in the context of this model due to the 
simulation lengths and time steps used. Literature values for the ratio of light to dark 
NH4 uptake rates vary widely. Fisher et al. (1982) found that light NH4 uptake ranged 
from 32 to 97% of the daily total, while Price et al. (1985) reported a range of 37 to 58%. 
The hourly or even daily variation in NH4 uptake and regeneration rates in Fourleague 
Bay has not been studied. The degree to which heterotrophic organisms, which can be 
responsible for a high percentage of NH4 uptake (Dugdale and Goering 1967, Harrison 
1983, Wheeler and Kirchman 1986), alter these rates in Fourleague Bay is also 
unknown. Additional study on these water-column processes is needed to refine this 
component of the model.
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Recent research in the Fourleague Bay system has indicated that inputs from the 
surrounding marshes may be important in determining water-column nutrient 
concentrations (Childers 1988,1989, Madden 1992). This potential source or sink term 
was not included in this model design primarily because of the spatial boundaries of the 
model. These included only Oyster Bayou which is bounded on both sides by levees. 
These levees restrict the flow of water from the marsh surface to the water-column in 
Oyster Bayou (Rouse, pers. comm.). The effects of marsh nutrient transformations are 
also minimized due to the flume-like configuration of Oyster Bayou which results in a 
low ratio of wetland margin to water area. The application of the model to larger spatial 
units may necessitate the inclusion of this additional source/sink term.
Conclusions
The results of these model simulations indicated that under certain conditions, the 
oyster community can represent an ecologically significant source of NH4 to the water- 
column. The environmental conditions under which this occurred were high rates of 
activity by the oysters in conjunction with long water residence times. The annual cycle 
of water-column NH4 concentrations is presented in Figure 7.6 (data for 1981, the most 
recent annual cycle available). A peak at approximately 26 Jig-at H  was observed in the 
late summer (Fig. 7.6) and corroborates the patterns reported by Madden (1988) for 
shorter time periods (i.e. peak in late summer). The similarity in both qualitative and 
quantitative aspects of this pattern (c/. Fig. 7.2,7.5 and 7.6) indicate that the model 
adequately simulates water-column NHL* concentrations. For the Fourleague Bay system, 
the supply of NH4 by the oyster community may be the critical factor in permitting the 
observed high rates of primary production observed in the lower bay during these 
















Jan Feb Mar Apr May Jun July Aug Sept Oct Nov Dec
Figure 7.6. Annual cycle of NH^ concentration in lower Fourleague Bay in 1981.
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NH4 from the water-column at rapid rates. Uptake rates reported for Fourleague Bay are 
among the highest reported in the literature, ranging from 0.20 to 17.9 (ig-at 1-t h-i 
(Rivera-Monroy 1988). These rapid rates would suggest that this situation does not 
represent a temporal mismatch and that NH4 supplied by the oysters is capable of being 
used by the phytoplankton community.
The general form of this model is applicable to a variety of analytic parameters and 
to a number of faunal communities. For example, the current design is being modified to 
include chi a consumption by the oyster community at rates measured in other portions of 
this dissertation. The application of this model to other fauna, such as deposit feeding 
species, which indirectly affect benthic exchange rates by the alteration of sediment 
characteristics, will require additional complexity in the model. For these species, it will 
be necessary to include feedback effects between sediment and water-column 
components. However, the capability of this model to include water transport and thus 
evaluate nutrient sources and sinks on a dynamic basis, make it a more realistic 






Pressure on coastal resources is increasing from both direct and indirect human 
impacts. The direct alteration of coastal areas via coastal resort development, port 
improvements, navigation requirements, wetland alterations, and beach enrichment, 
among others has resulted in unforseen changes in the way coastal ecosystems function 
as a buffer from the energy of the sea. The indirect enrichment of coastal waters with 
agricultural runoff has been shown to result in changes in the types of plants and animals 
which inhabit these land margin systems, as well as qualitative and quantitative changes 
in the ecological processes operating within them. A variety of regulatory agencies have 
been assigned the task of assessing these anthropogenic impacts and making decisions 
regarding permissible activities. Given the incomplete understanding of the way in which 
the natural world functions, it is critical to recognize that this is not an entirely objective 
process.
Many different approaches have been used in the prediction or assessment of 
anthropogenic impacts. One o f the most commonly used assessment techniques is based 
on comparisons of an area before and after an effect, or of an impacted area and a similar 
non-affected area. In many coastal systems, this approach has focused on surveys of 
benthic flora and fauna, the animals and plants which inhabit the sediments underlying 
coastal waters. The benthos has been the focus of a majority of these assessment 
techniques due to their intimate association with the sediment, their relatively sedentary 
habits, and their role as food for fish and other animals which comprise higher trophic 
levels. The former reason reflects the belief that benthic organisms are the most likely 
component in which impacts may be observed because of their close association with 
their physical environment. The relatively sedentary nature of benthic fauna is critical 
because it results in a community, or assemblage of species, which can be sampled 
quantitatively and therefore properly compared in space or time. The last of these reasons 
reflects man’s interest in and use of coastal resources. These surveys of benthic
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community abundance and composition have become a standard tool used by regulatory 
agencies to assess anthropogenic perturbations to coastal marine ecosystems.
There are a number of difficulties with these surveys. Surveys are generally very 
labor intensive and consequently expensive. Secondly, because of the taxonomic nature 
of this approach, there is typically a substantial time lag between the conclusion of the 
sampling phase and the data analysis /  summary phase. Additionally, there are inherent 
difficulties which result from the incomplete knowledge of the taxonomy of the species 
present. This problem is not restricted to marine ecosystems, witness the present day 
concern over the inability to assess global biodiversity. However, foremost among the 
problems with benthic surveys is the difficulty in interpretation. Typically, these surveys 
result in lists of species composition and abundance or some multivariate rendition of this 
information. Acute and toxic effects such as those from pollution may be easily 
evidenced in the comparison of before and after, or impacted vs non-impacted.
However, chronic effects may be more difficult to discern. Nonetheless, the translation 
from this list of species to altered ecosystem function such as in the form of reduced 
fisheries, or decreased water quality, is subjective. This results in decisions which may 
be perceived as subjective and subject to alternative interpretation and thus become the 
focus of often litigious debate. These difficulties have led many to look for alternative 
ways to assess benthic community status and ultimately anthropogenic impacts.
If a predictable relationship between benthic community structure and benthic 
community function existed, knowledge of this relationship would permit more objective 
assessments of proposed activities in coastal environments. If, for example, a species 
has a demonstrable and repeatable effect on specific sediment characteristics, then the 
effects of the removal of that species could be predicted, i.e. the loss of that effect. 
Research in the field of benthic biology over the last two decades has demonstrated the 
multitude of effects that macrofaunal species can have on their environment For
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example, the feeding and burrowing activities of sediment dwelling fauna can 
substantially alter the structure of the sediment in which they live. Similarly, the feeding 
activities of suspension feeding organisms, those which filter particulate material from the 
water, can be of sufficient magnitude to reduce water turbidity. In the last decade or so, 
there has been an increasing realization that the effects of benthic organisms may have 
repercussions for the cycling of matter and the flow of energy in an ecosystem, or in 
other words, that there may be a correspondence between benthic structure and benthic 
function. The relationship between benthic fauna and the function of their communities 
was the focus of this body of work.
The approaches that have been used to investigate the relationship between the 
structure and function of the benthos were discussed in the introductory chapter. These 
approaches have been limited either by making only indirect links, or in being applicable 
in a relatively small number of environmental settings. This research presents an 
experimental technique which directly links benthic structure and function and can be 
used for many different species and in many different systems. The application of this 
experimental microcosm approach to two distinct faunal communities in a sub-tropical 
estuary demonstrated that both species can significantly alter rates and patterns of benthic 
exchange of both particulate and dissolved materials, accelerating the cycling of matter 
within an ecosystem. The two suspension feeding species studied had similar qualitative 
effects on exchange of dissolved and particulate matter at the sediment-water interface. 
Both the epifaunal oyster, Crassostrea virginica. and infaunal clam, Rangia cuneata, 
removed significant quantities of seston, chi a, phaeopigments, particulate C and N, from 
the water-column. Similarly, both species significantly increased sediment oxygen 
consumption and benthic release of NH4  and PO4 .
It would be difficult to apply a compilation of relationships between a species in a 
benthic community and its function in the environment in a management context The
primary reason for this problem is simply the large numbers of individual species which 
typically comprise benthic communities. The delineation of effects for all species under 
all possible environmental conditions (such as temperature, food supply, species 
interactions) presents an unrealistic goal for impact prediction. To understand the factors 
which determine the structure of benthic communities, i.e., the composition and 
abundance of species, benthic ecologists have attempted to reduce this complexity by 
looking for similarities in the manner in which species interact with other species and their 
environment. The use of these species groups, called functional groups, has proven to be 
a stimulating, albeit contentious, concept in the understanding of benthic community 
structure. The use of the functional group approach may be more productive in making a 
link between benthic community structure and function than in its previous usage in 
understanding the factors which produce benthic community structure. Thus, a 
secondary course of investigation in this work was the extent to which changes in cycling 
of matter in an environment could be explained by a species functional group.
The results of this study indicated qualitative similarities in the effects of the two 
suspension feeding species. Due to similarities in physiology and feeding mode, both 
species increased particulate retention and increased exchange rates of dissolved materials 
across the sediment-water interface. However, not all of the observed differences 
between the effects of these species were due to differences in their respective functional 
group. The magnitude of the changes in particle retention and benthic nutrient exchange 
varied with the faunal community; the oyster caused greater changes in rates than did the 
infaunal clam. Additionally, the infaun al habitat of the clam did not result in a greater 
modification of ambient sediment exchange rates than those caused by the epifaunal 
oyster. The infaunal clam did not alter the patterns of NO3 or NO2 sediment flux, while 
the oyster appeared to stimulate water-column nitrification rates. The absence of these 
expected indirect effects on benthic processes was attributed to a lack of mobility of this
species. These results suggest that a strict correspondence between a species functional 
group and its effect on benthic-pelagic coupling does not exist. Stronger relationships 
between a species functional group and its effect on its environment would have been 
found if a group of species exhibiting a greater diversity of functional groups had been 
selected for study. Given the way by which a species functional group is defined, there 
is undoubtably at least some correspondence between a species effect on its environment 
and its functional group. However, the results of this work suggest the need for the 
inclusion of additional complexity when attempting to predict a species effect on its 
environment. The current functional group delineations do not adequately reflect the 
degree to which a species influences ecological processes. The results of this study 
argue for the inclusion of a relative measure of metabolic activity.
In a management context, it is essential to evaluate the effects of animals relative 
to other ecological processes which combine to produce the patterns observed in nature. 
Thus, for example, if animals perform an essential function to the sustainability of the 
ecosystem, then negative impacts on their density or metabolism would indirectly change 
ecosystem function. This work presented a framework, in the form of a dynamic 
simulation model, for the determination of macrofaun al effects relative to other ecological 
processes operating at the ecosystem level. The inclusion of water transport and 
evaluation of nutrient sources and sinks on a dynamic basis, improved previous efforts to 
understand a shallow bay ecosystem. This model demonstrated that under certain 
conditions, benthic fauna can significantly alter ecosystem function. The conditions of 
high biological activity and high water residence time cause an ecologically significant 
release of NH4  by the oyster community. This is the primary source of nitrogen to the 
bay in fall and may support the observed high rates of primary production. While the 
modeling exercise illustrated that macrofaunal populations may be essential to the nutrient 
cycling of this ecosystem, the macrofaunal populations in Fourleague Bay are relatively
unimportant over the annual cycle. This result reflects the extreme physical control of the 
Atchafalaya River on the Fourleague Bay ecosystem. Environments in which 
macrofaunal populations are more extensive or those in which external physical forcings 
are less critical in controlling nutrient dynamics would be expected to show a greater 
importance for macrofaunal communities. Future research should be directed at defining 
this hypothesized continuum.
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APPENDIX A: STATISTICAL MODEL STRUCTURE
There were a variety of statistical models used in the analysis of data for this dissertation. 
Except where indicated in the text, all followed the general design of a repeated measures 
analysis of variance. Using Chapter 5 as an example, the general structure is presented 
below. Individual analyses were performed for each analyte. Scheffe’s F-test was used 
as the post-hoc means test in order to minimize type I error. When missing data resulted 
in unequal cell-sizes, the Games-Howell procedure was used. Data were tested for 
homogeneity of variance using Bartlett’s test (Steel and Torrie 1980). Adjustments were 
made to the degrees of freedom using the Huynh-Feldt (1970) method when Mauchly’s 
criterion (Mauchly 1940) indicated nonsphericity of the variance-covariance matrix. 
Pooling of error terms followed the criteria of Bancroft and Chien-Pai (1983). All 
statistics were performed using the statistical programs JMP (SAS Institute 1989) or 
SuperAnova (Abacus Concepts 1989).
Source _ Error term
Species (Station) Season * Species
Season Season * Species
Season * Species Core (Species, Season)
Core (Species, Season) Residual
Time Residual'
Time * Species Residual
Time * Season Residual
Time * Species * Season Residual
Residual
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APPENDIX B: SIMULATION MODEL EQUATIONS
The following equations represent the processes and rates used in the dynamic 
simulation model described in Chapter 7. The values used for the initialization of some 
parameters as well as those used for rate constants represent those for the high discharge, 
low biological activity simulation and are indicated with an f . The equations are divided 
into sections which correspond to the model components depicted in Fig. 7.1.
H ydrology:
bayoujength = 3600
bayou_volume = bayou_length*bayou_x_sec_area 
bayou_x_sec_area = 1 0 0 0  
net_transport_sensi = net_water_transport 
time_conversions = 3600 
time_period = TIME
transport_thru_OB = time_conversions*net_transport_sensi 
tumoverjrate = l/Tumover_time
Tumover_time = (bayou Jength*bayou_x_sec_area)/transport_thru_OB 
water_velocity = (transport_thru_OB /  bay ou_x_sec_area) * (1/3600) 
net_water_transport = GRAPH(time_period) f  
(1.00, 500), (2.00, 600), (3.00, 500), (4.00, 450), (5.00, 250), (6.00, 200),
(7.00, 200), (8.00, 100), (9.00, 150), (10.0, 250), (11.0, 100), (12.0, 800),
(13.0, 750), (14.0, 725), (15.0, 500), (16.0, 500), (17.0, 450), (18.0, 400),
(19.0, 200), (20.0, 220), (21.0, 220), (22.0, 220), (23.0, 220), (24.0, 250),
(25.0, 200), (26.0, 200), (27.0, 350), (28.0, 100), (29.0, 250), (30.0, 350),
(31.0, 375), (32.0, 275), (33.0, 280), (34.0, 260), (35.0, 250), (36.0, 300),
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2 0 0
(37.0, 500), (38.0, 550), (39.0, 600), (40.0, 400), (41.0, 475), (42.0, 350), 
(43.0, 10.0), (44.0, 50.0), (45.0, 10.0), (46.0, 50.0), (47.0, 100), (48.0, 
25.0), (49.0, 40.0), (50.0, 150), (51.0, 250)
N H 4 W ater-colum n activity:
Net_water_column_activity_per_hoiix = regeneration-uptake 
regeneration = 1666.67*Bayou_surface_area f
uptake = IF(NH4_in_bayou_volume > 0) then 416.67*Bayou_surface_area else 
(0 ) t
N H 4 Riverine input:
input_NH4_conc = 5.63 t
Total_NH4_input_per_hour = inp u t_NH4_c one* 1/1000*((100)A3) 
*transport_thru_OB
Sedim ent N H 4 flux:
Benthic_NH4_regeneration_rate = 67 t









Faunal_NH4_flux_rate = 9 .2 1 1 
faunal_sensi_variable = 1 * Faunal_NH4_flux_rate 
Total_faunal_NH4_in_per_hour = faunal_sensi_variable * total_biomass
N H 4 water inventory:
NH4_in_bayou_volume(t) = NH4_in_bayou_volume(t - dt) + (NH4 input +
NH4_Faunal_input + NH4_Sediment_input - NH4_Water_column_activity - 
NH4_System_export) * dt 
INTT NH4_in_bayou_volume = 50*bayou_volume f
INFLOW S:
NH4 input = Total_NH4_input_per_hour
INFLOW TO:
NH4_Faunal_input = Total_faunal_NH4_in_per_hour 
INFLOW TO:
NH4_Sediment_input = Total_sediment_NH4_in_out_per_hour 
OUTFLOW S:
NH4_Water_column_activity = Net_water_column_activity_per_hour 
OUTFLOW FROM:





Com m unity / Biomass Accounting:
adult_biomass_conversion =1.0
adult_biomass_per_m2 = adult_biomass_conversion*adult_nos 
B ay ou_surface_area = 8.25 * 10A5 
juvenile_biomass_conversion = 0.3
juvenile_biomass_per_m2 = juvenile_biomass_conversion*juvenile_nos 
total_biomass = total3iomass_per_m2*Bayou_surface_area 
total_biomass_per_m2 = juvenile_biomass_per_m2+adult_biomass_per_m2
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